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Nanodevices are supposed to play an important role in the development of
technology in the future. The aim of this work was to contribute to this devel-
opment by providing a technique to manufacture ﬁlms of inorganic functional
materials that have patterns in the micrometer and submicrometer range. I
showed that a) the growth of these materials from precursor solutions is a
technologically simple process and b) the patterning of these ﬁlms is possible
as well in a technologically simple manner.
1.1 Investigated Materials and Growth Techniques
In this work the superconductors Bi2Sr2CaCu2Ox (Bi2212) and YBa2Cu3Ox
(Y123) were investigated, as well as the ferroelectric and piezoelectric lead
titanate (PbTiO3), dielectric aluminum oxide (Al2O3) and semiconducting
aluminum-doped zinc oxide (ZnO:Al). The conventional methods to grow
ﬁlms of these oxidic materials are various vacuum techniques, such as pulsed
laser deposition (PLD), magnetron sputtering or chemical vapour deposition
(CVD). These techniques require expensive equipment and the growth time
scales with the ﬁlm thickness. The growth rates e.g. for Y123 are in the range
of several nm/min for magnetron sputtering [1, 2] and pulsed laser deposition
[3, 4] up to several hundred nm/min for CVD [5]. Less common and technically
much more simple is the growth of oxidic ﬁlms from a sol-gel precursor. No
vacuum devices are required when a ﬁlm of the metal-organic sol precursor is
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deposited on a substrate and solidiﬁed to a gel. The gel is pyrolyzed at a high
temperature in an oxygen or air atmosphere and the metal oxide forms. A
large number of functional material ﬁlms has been grown from sol-gels, includ-
ing Y123 [6], Bi2212 [7], ZnO [8], La1−xSrxMnO3 [9], BaTiO3 and SrTiO3 [10],
LiNbO3 [11], ferroelectric Sr2Nb2O7 [12], SrBi2Ta2O9 [13], (Pb,La)TiO3 [14]
and Pb(Zr,Ti)O3 [15, 16]. The deposition time is in principle not proportional
to the ﬁlm thickness, although, depending on the required ﬁlm quality and
thickness, several subsequent deposition steps might be necessary. During so-
lidiﬁcation, the metal-organic molecules form a network or gel, which prevents
the precipitation of the metal ions and, in the case of mixed-metal precursors,
the demixing of the elements. In this way, the mixing of the metals on the
nanometer scale in the solution is preserved in the solid gel. The average dif-
fusion length of the metal atoms during crystallization is therefore minimized.
However, as a consequence of the diﬀerent reactivites of the metal-organic
molecules, segregation can occur [17], leading to an increase of the average
diﬀusion length during crystallization. In a polymer precursor, on the other
hand, the metal ions form a complex with a polymeric acid instead of with a
small organic molecule. The possiblity of metal segregation is therefore much
smaller than in a sol, leading to lower processing times and temperatures.
Both in a sol-gel precursor and in a polymer precursor the organic material
serves as a matrix, which preserves the intimate mixing of the metal ions until
the matrix is pyrolized. The growth of oxidic ﬁlms from polymer precursor
solutions has, to my knowledge, so far been restricted to the high-temperature
superconductors Bi2212 [18] and Y123 [19].
By growing the ceramic ﬁlms from a ﬁlm of a viscous solution, one can
pattern this viscous ﬁlm by soft lithography prior to the transformation into
the ceramic phase. Soft lithography can provide low-tech, inexpensive methods
to pattern liquid ﬁlms. Soft lithography in combination with a sol-gel process
has produced patterned ﬁlms of Sr2Nb2O7 and PZT [12], and several Si-based
compounds [20, 21].
1.2 Classes of Investigated Materials and Their Ap-
plications
Films were produced of diﬀerent classes of materials, which were high-tempera-
ture superconductors (HTSC, high-Tc superconductors), ferroelectrics, piezo-
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electrics, transparent dielectrics, and transparent semiconductors. Each of
these materials has diﬀerent speciﬁc possible applications. In the case of the
superconductors these applications could be energy-saving electric circuits or
microwave detectors. A possible application for the ferroelectrics could be
data storage devices. Piezoelectrics serve as actuators in nanomechanics, and
transparent dielectrics or semiconductors can be used to build a transparent
ﬁeld eﬀect transistor (FET). As turned out during the progress of this work,
the applied method to grow inorganic oxidic thin ﬁlms is rather universal and
is likely to be suitable also for other classes of materials, such as ferromag-
netic chromium dioxide, CrO2, or iron oxide, Fe2O3. These materials could
be applied in data storage devices.
1.3 Outline
Chapter 2 of this thesis describes the general synthesis procedure for the ce-
ramic ﬁlms that was applied in this work. Besides, fundamental aspects, such
as the need for epitaxial growth in the case of some materials, are presented.
In chapter 3, the techniques and devices are presented, that were used
to analyze the obtained ﬁlms. A short introduction into the principles of
crystallography is given as these principles are necessary for the understanding
of the numerous x-ray techniques performed on the samples.
Chapters 4 to 8 describe the synthesis and the analysis of samples of the
diﬀerent materials. While chapter 2 contains a general description of the
growth method, in the chapters 4 to 8 the composition of the individual pre-
cursors and the synthesis parameters for the respective materials are given.
The results of the analyses are presented and compared to results of other
publications. Except for the superconducting ﬁlms, the functionality of the
obtained materials was not investigated. However, patterning of the ﬁlms was
attempted and achieved for all materials except for YBa2Cu3Ox, where con-
ductance measurements had shown that the desired superconductivity had not
been achieved.
Chapter 4 deals with the most simple compounds in terms of their com-
position, i.e. oxides of either one metal (aluminum oxide) or two metals in a
variable stoichiometric ratio (aluminum-doped zinc oxide). All other synthe-
sized phases consisted of two or more metals in a ﬁxed stoichiometric ratio.
The patterning process and the obtained patterned ﬁlms of aluminum oxide
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and aluminum-doped zinc oxide are presented.
Chapter 5 describes growth and analysis of lead titanate ﬁlms and their
patterning.
In chapter 6 two non-superconducting and two superconducting samples of
YBa2Cu3Ox are investigated and the results are compared. All samples were
grown in very similar ways and it is therefore interesting to clarify the reasons
for their diﬀerent conductance behavior.
In chapter 7 the growth of unpatterned Bi2Sr2CaCu2Ox ﬁlms and their
analysis are described. Their crystallographic properties and the conductivity
were investigated. Since also the patterned ﬁlms of this material show su-
perconductivity, the patterning process of Bi2Sr2CaCu2Ox ﬁlms is presented
separately in chapter 8.
CHAPTER 2
Film Synthesis
The manufacture process applied in this work for the (potentially) supercon-
ducting Bi2212 and Y123 has been described before by von Lampe and cowork-
ers [18, 19, 22]. In this work, the recipe was used with small modiﬁcations.
For the other ceramic materials, the process was adapted accordingly.
2.1 Chemicals
The following chemicals were used to make the precursor solutions:
• N,N-Dimethylformamide (DMF), 99%, Acros, Geel, Belgium.
• 2-Methoxyethanol, 98%, Merck, Darmstadt, Germany.
• Al(NO3)3·9H20, 98+%, Aldrich.
• Ba(NO3)2, 99%, Aldrich.
• Ba(NO3)2, 99.999%, Aldrich.
• Bi(NO3)3·5H20, 99.99+%, Aldrich.
• Bi(NO3)3·5H20, 98+%, Fluka.
• Ca(NO3)2·4H20, 99.99+%, Aldrich.
• Cu(NO3)2·2.5H20, 98%, Aldrich.
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• Cu(NO3)2·2.5H20, 99.99%, Aldrich.
• Pb(NO3)2, 99+%, Aldrich.
• Sr(NO3)2, 99+%, Aldrich.
• Sr(NO3)2, 99.995%, Aldrich.
• Sr(NO3)2, 99+%, Fluka.
• Ti(NO3)4, 99.9+%, Aldrich.
• Y(NO3)3·4H20, 99.99%, Aldrich.
• Zn(NO3)2·6H2O, 98+%, Aldrich.
• Poly(acrylic acid) (PAA), Mw=2 kg/mol, Aldrich.
• Poly(methacrylic acid) (PMAA), Mw=82.4 kg/mol, Polymer Standards
Service, Mainz, Germany.
• Poly(methacrylic acid), Mw unknown, self-made (see Appendix C).
2.2 Precursor Preparation
Precursor solutions were made in the following way: The constituting met-
als were dissolved as nitrates in DMF or 2-methoxyethanol (in the case of
some Bi2212 precursors). If the oxidic phase consisted of more than one
metal, the corresponding nitrates were dissolved in the correct stoichiomet-
ric ratio, i.e. the same molecular ratio as in the ﬁnal oxidic phase. For Y123,
for example, the ratio is x mol Y(NO3)3·4H2O : 2·x mol Ba(NO3)2 : 3·x mol
Cu(NO3)2·2.5H2O. When the nitrates were fully (or almost fully) dissolved
either PAA or (for some HTSC precursors) PMAA was added. The molecu-
lar structure of these polyacids is described in Appendix B. This procedure
yielded clear viscous solutions that were stable from several months up to
more than a year. Eventually they turned opaque as some of the metals pre-
cipitated or the solutions formed a gel. In the ﬁrst case, when the solution
became cloudy, the precursor was unsuitable for ﬁlm growth because of its
lack of homogeneity in chemical composition, in the second case it had un-
suitable mechanical properties (i.e. it was too viscous). The weight ratios
2.3 Substrate Materials 7
(all nitrates):polymer:solvent was approx. 0.65:1:2 (HTSC precursors) or 1:1:2
(other precursors).
2.3 Substrate Materials
The following materials were used as substrates:
1. Microscope cover slips from glass (SiO2:B, thickness: 0.1mm, refractive
index n(546 nm)=1.5255, n(588 nm)=1.5231, Menzel Glasbearbeitungs-
werk GmbH & Co. KG, Braunschweig, Germany). At the glass transition
temperature the plates wet other materials and soak into the underlying
sample carrier ceramic. This temperature was approx. 630 ◦C. Small
deformations in the form of bending occured, however, already at lower
temperatures.
2. SrTiO3 (001) single crystal plates, polished (10×10×1mm3, edges along
[100] directions, TBL-Kelpin, Neuhausen, Germany). The crystal struc-
ture of SrTiO3 is described in Appendix A.1. For some experiments sub-
strates of Nb-doped SrTiO3 were used (Crystal GmbH, Berlin, Germany)
that had the same orientation and dimensions as the undoped substrates.
The doping rate was 0.20mol%, the conductivity was 0.03 Ω·cm.
3. LaAlO3 (001) single crystal plates, polished (10×10×1mm3, edges along
[100] directions in the pseudocubic setting, TBL-Kelpin, Neuhausen,
Germany). For the crystal structure of LaAlO3 see Appendix A.2.
4. Si wafers from Si (001) single crystals, polished (thickness: 675(15) µm,
p-type, B-doped, conductivity: 8.12-11.82 Ω·cm, Wafernet GmbH, Ech-
ing, Germany). As obtained, the wafers were covered by an amorphous,
thin, isolating oxide layer which was removed in some cases by dipping
the wafer into an HF solution for several minutes, followed by a rinse
in reverse osmosis (RO) water and blowdrying in nitrogen. The crystal
structure of Si is described in Appendix A.3. For the samples which
required a conductive substrate strongly B-doped Si (001) wafers were
used (thickness: 300(25) µm, conductivity: 1-2mΩ·cm, Virginia Semi-
conductor, Fredericksburg, USA).
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2.4 Substrate Cleaning
The following cleaning procedure was developed: The substrate was ﬁxed
on a hot stage (by means of vacuum), which was set to ca. 130 ◦C, and a
ﬁne jet of CO2 crystals was moved systematically over the entire surface to
blow oﬀ larger dust particles by impact and to dissolve organic molecules
adhered to the surface. The water contact angle of a Si wafer cleaned in such
a way was approx. 5◦. The second cleaning step was plasma-etching in an
air plasma (5·10−2 mbar, Harrick Plasma Cleaner PDC-002, Harrick Scientiﬁc
Corporation, Ossining, USA) for ca. 5min. After this treatment the water
contact angle of a Si wafer was less than 2◦.
This cleaning procedure deviated from the procedure used by von Lampe
and coworkers [23] who heated the substrates to approx. 900 ◦C in air for sev-
eral hours. The newly developped cleaning method gave satisfactory results
(see below) in a much shorter time. The main objective of substrate cleaning
is to remove (macroscopic) dust particles and (microscopic) organic molecules
from the substrate surface. Dust mainly aﬀects the aesthetic appearence of
the ﬁlm and for the patterned ﬁlms disturbs the pattern only locally. Con-
tamination with organic molecules is much more severe, since it can result in
the poor wetting of the substrate by the precursor solution. The consequence
can be a partial or even complete detachment of the ﬁlm during the drying
process, which follows the coating process and which is always associated with
a shrinkage of the ﬁlm. If the precursor ﬁlm wets the substrate well enough,
this shrinkage occurs in vertical direction only, since the ﬁlm adheres well to
the substrate. If the wetting is poor, the shrinking ﬁlm will locally detach
from the substrate, leading to cracks in the ﬁlm or even a complete lift-oﬀ of
the ﬁlm.
2.5 Spin-casting and Drying
Homogeneous ﬁlms were made by spin-casting. Immediately after cleaning, the
substrates were spin-coated with the precursor solution (PWM32 spincoater,
Headway Research Inc., Garland, USA) with varying velocities. Since DMF
and 2-methoxyethanol evaporate only very slowly at room temperature, the
spinning time was rather long: 20-30 s. This yielded clear precursor ﬁlms that
typically showed a rim of higher thickness along the edge of the substrate. If
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the spin-coating time was too short, the rim material tended to ﬂow back to
the areas of homogenous thickness. In some cases a weak lateral variation of
the interference color could be observed, indicating a small thickness gradient
of the precursor ﬁlm.
Immediately after spin-casting, the ﬁlms were dried by placing the samples
onto a hot stage set to 80 ◦C for several minutes. During this step most of the
solvent was removed from the ﬁlm. The precursor ﬁlms were then ready for
high-temperature processing (see Sec. 2.7).
In some cases (Y123 and Bi2212 precursors) fast drying was crucial to ob-
tain a homogenous, crack-free precursor ﬁlm. Otherwise cracks formed when
heating the ﬁlms and, together with a poor substrate cleaning, the ﬁlms might
detach from the substrate. Furthermore, it occured that inorganic material
precipitated shortly after spin-casting when the sample was kept at room tem-
perature. Once the drying procedure was established for the superconductor
precursors, it was also applied to all other spin-cast precursor ﬁlms in this
work.
2.6 Micromoulding
To manufacture a patterned precursor ﬁlm, which yields a patterned inorganic
ﬁlm after high-temperature processing (see following chapter), several methods
can be considered. Patterning in an electric ﬁeld with a patterned electrode
placed above the spin-cast ﬁlm is one possibility [24]. Another method is to
print a self-assembling monolayer (SAM) of octadecyltrichlorsilane (OTS) onto
the substrate, thereby locally modifying the surface energy. After spin-casting
and drying, a precursor ﬁlm (tantalum-ethoxide in ethanol) adheres better
to the non-SAM covered parts of the substrates. By softly rubbing the ﬁlm,
the precursor can be removed from the printed areas. This way a patterned
precursor ﬁlm was obtained, which could be transferred into a patterned oxidic
ﬁlm (of Ta2O5) [25]. Apart from the poor adhesion of a precursor on OTS, the
dewetting of a polymer solution from OTS covered substrates can be employed.
Experiments on gold-covered substrates with Y123 precursors have shown that
the patterning of a precursor solution is possible but no superconducting ﬁlms
have been obtained [26].
The method chosen for patterning precursor ﬁlms in this work was mi-
cromoulding. Patterned stamps of poly(dimethylsiloxane) (PDMS) were pro-
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duced (see Appendix D) with a structure height of approx. 900–950 nm. Com-
pared to clean substrates, the surface energy of the PDMS is much lower,
causing the precursor ﬁlm to adhere preferentially to the substrate and not to
the stamp. Directly prior to usage, dust particles were blown oﬀ the stamps
by air or nitrogen. Two ways of micromoulding were tested, but only one of
them was succesfull. In a ﬁrst attempt, the stamps were pressed into as-cast
Bi2212 precursor ﬁlms, either immediatly after spinning or after placing them
for a few minutes onto a hot stage (see Sec. 2.5). The ﬁlms were solidiﬁed at an
elevated temperature on the hot stage for 1 to 30min underneath the stamp.
Eventually the PDMS stamp was carefully peeled oﬀ the ﬁlm and the sample,
that often showed the interference colors of light diﬀraction, was transferred
to the tube furnace for the high-temperature treatment. This yielded, how-
ever, only poorly patterned Bi2212 ﬁlms. Nowhere on the ﬁlm, the elevated
lines of Bi2212 were fully separated from each other (similar to Fig. 8.2 (d)).
In other words, the ﬁlm thickness between the lines was ﬁnite. The reason
for this ﬁnding is that the PDMS stamp cannot be fully pressed down to the
substrate after spin-casting the ﬁlm, since the ﬁlm viscosity is too high after
most of the solvent has evaporated.
Therefore, a second method was tested, in which a droplet of the precursor
was placed onto the substrate and the PDMS stamp was pressed into it. The
viscosity was then low enough to allow the precursor to ﬂow from underneath
the protruding parts of the stamp to the receded parts or to the edges. Sample
and stamp were placed onto a hot stage set to 80 ◦C before the stamp was re-
moved. As a rule of thumb, one can note that the longer the stamp remained
on the sample, the smaller was the amount of ﬁlm area that attached to the
stamp upon removing it. Leaving the stamp on the substrate for 5min gave
rather poor results, while samples on which the stamps were left for 50min had
the best reproduction of the stamp pattern (Fig. 8.2). After the stamp had
been lifted oﬀ, the sample was transferred to the tube furnace for subsequent
high-temperature processing1. Micromoulding has been used to produce pat-
terned ﬁlms of Si-glass [20, 21, 27] or organic Zr/Si-glass [28]. Micromoulding
in capillaries has been used to manufacture lead zirconate titanate [12, 16].
1Instead of solidifying the precursor film underneath the stamp and removing the stamp
prior to the high-temperature treatment, it was also tried to leave the stamp on the film
and pyrolyse it together with the precursor. This yielded films of unidentifiable composition
and with very poorly replicated patterns. Replacing the PDMS stamps by poly(butadiene)
stamps (see [26] for details) provided no improvement.
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2.7 Polymer Degradation and Metal Oxidization
After drying the spin-cast or micromoulded ﬁlms, the samples were transferred
into a preheated tube furnace (80 ◦C). An air ﬂow through the furnace was
applied to ensure a suﬃcient partial oxygen pressure and to remove solvent
vapours and all gaseous products of the high-temperature treatment. The
purpose of this treatment was to transform the precursor ﬁlm into a ceramic,
inorganic ﬁlm. To achieve this, the following processes have to take place:
The solvent has to evaporate entirely from the precursor ﬁlm, the polymer has
to degrade and the degradation products have to be removed from the ﬁlm.
Finally, the metals have to be oxydized and the oxide has to crystalize to its
ﬁnal phase.
For the polymers used in this study (PAA and PMAA), the thermal degra-
dation in a nitrogen atmosphere was investigated by thermogravimetric anal-
ysis (TGA). The TGA curves are shown in Fig. 2.1. PMAA looses 90% of its
weight at 450 ◦C and degrades completely at approx. 650 ◦C. The PAA weight
decreases to ca. 10% at 500 ◦C and remains stable up to 700 ◦C. For a degra-
dation in an air atmosphere, however, it is likely that all polymers degrade
fully at temperatures above 550 ◦C (PMAA [29]) and 575 ◦C (PAA [30]). The
main degradation of the polymers takes place in the temperature range from
ca. 200 ◦C to 500 ◦C (Fig. 2.1). To avoid damage of the ﬁlm caused by too
rapid polymer degradation, the heating rate of the samples was reduced in
this temperature range. The samples were heated in the following sequence:
1. From 80 ◦C to 200 ◦C with 10 ◦C/min.
2. From 200 ◦C to 500 ◦C with 5 ◦C/min.
3. From 500 ◦C to the ﬁnal temperature Tmax with 10 ◦C/min.
4. Constant temperature Tmax for 30min (superconductors) or 90min (other
phases).
5. From Tmax to room temperature. At temperatures above approx. 700 ◦C,
the cooling rate was 10 ◦C/min, below 700 ◦C it was lower.
Since Ba easily forms Ba(CO3)2, (which is stable to above 1000 ◦C,) in
the presence of free carbon and oxygen, the recipe was slightly modiﬁed for
the manufacture of Y123 ﬁlms. The degradation process was carried out in
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Figure 2.1: TGA curves of poly(acids), showing the relative weight of the
samples as a function of temperature T.
a nitrogen atmosphere. When the temperature had reached Tmax, the gas
ﬂow was changed to oxygen and the oxygen ﬂow was maintained until the
temperature was below 300 ◦C.
2.8 Epitaxy
The critical current densities jc (Sec. 3.4) of Y123 and Bi2212 are strongly
anisotropic. Within the crystallographic ab-plane they are higher than per-
pendicular to it [31, 32]. For practical applications of thin ﬁlms, high values
of jc within the ﬁlm plane are desirable. The crystallites that form these ﬁlms
have therefore to be oriented with their individual ab-planes parallel to the
substrate surface (or ﬁlm plane). Their individual c-axes have to be normal to
the substrate surface, i.e. the out-of-plane orientation has to be a c-axis orien-
tation. Furthermore, it is desirable that the individual crystallites also have
the same in-plane orientation. The critical current density strongly decreases
with an increasing tilt or twist angle between the lattices of adjacent crystal-
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lites [33]. The critical current density within the ﬁlm plane is the highest for a
c-axis oriented ﬁlm with a strong in-plane orientation of the crystallites, lower
for a c-axis oriented ﬁlm without in-plane orientation and the lowest for a ﬁlm
of randomly oriented crystallites.
The easiest way to achieve both the out-of-plane orientation and the in-
plane orientation is by letting the crystallites grow epitaxially (Greek πι-: at,
on, upon, ταξισ: arrangement). The two-dimensional lattice of a single crystal
surface that matches closely the two-dimensional lattice of the superconductor
ab-plane, causes, for energetical reasons, the superconducting phase to grow
with the ab-plane parallel to the substrate surface plane. Furthermore, the
ab-plane has an in-plane orientation such that its lattice points coincide with
lattice points of the substrate surface. This is depicted in Fig. 2.2, where the
lattice points of the (001) plane of cubic SrTiO3 are drawn as white circles2.
The lattice points of the (001) plane of orthorhombic Bi2212 and orthorhom-
bic Y123 are drawn as black circles in the upper and lower half of the image,
respectively. The lattice of Bi2212 is rotated by an angle of 45◦ around the
c-axis with respect to the SrTiO3 lattice, since the a- and b-axis of Bi2212
are approx. by a factor of
√
2 longer than the a-axis of SrTiO3. The crys-
tal lattice parameters of all three materials are summarized in Appendix A.
For both superconductors, the lattice mismatch with SrTiO3 is very small,
compared to other potential substrate materials [34]. When chosing a suitable
substrate material, the most important aspects to consider are the matching of
the lattice parameters at room temperature and the matching of the thermal
expansion coeﬃcients. The best substrates to fulﬁl both these requirements
are SrTiO3 (001) and LaAlO3 (001) [34]. They were therefore used in this work
as substrates for the superconductor ﬁlms, but also for some of the PbTiO3
ﬁlms. The direction of the spontaneous electrical polarization of tetragonal
PbTiO3 is parallel to the c-axis. In this work PbTiO3 ﬁlms were grown with
the aim to achieve a strong polarizability perpendicular to the ﬁlm plane. The
highest polarizability per ﬁlm thickness is achieved with c-axis oriented ﬁlms.
Because aPbTiO3 is nearly identical to aSrTiO3, the (001) plane of SrTiO3 is
very suitable as a substrate for c-axis oriented PbTiO3 ﬁlms.
All Y123 and Bi2212 ﬁlms, which were always prepared on SrTiO3 or
LaAlO3, and all PbTiO3 ﬁlms prepared on SrTiO3 showed epitaxial growth.
2In cubic crystals, the (001) plane is identical to the (100) plane. For simplicity in the
evaluation of the x-ray experiments, the first labeling was chosen in this work.
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Only for some of the Y123 ﬁlms x-ray diﬀractograms indicate the presence
of small amounts of non-oriented material. Thus, whenever a lattice plane of
the ﬁlm material was commensurate with the lattice of the substrate surface,
epitaxial growth took place. While no research had been done on this topic,
it is interesting to speculate about the growth process taking place during the
high-temperature treatment. After the polymer is pyrolyzed, the metals form
an intermetallic phase [23]. This intermetalic phase can either ﬁrst oxidize
and than crystallize, or oxidize and crystallize at the same time. In any case
the crystallization can take place in two possible ways: 1. The crystals grow
randomly oriented and undergo a subsequent reorientation process, leading
to the epitaxial orientation. In this scenario, ions from crystallites with a
random orientation would diﬀuse to crystallites having grown at a seed on the
substrate surface and possesing thus epitaxial orientation. 2. In a more likely
scenario, only crystallites with epitaxial orientation grow on the substrate
surface and a reorientation step is therefore superﬂuous. The question, which
of the two growth processes takes place could be answered by taking in-situ
diﬀractograms of the ﬁlm during the high-temperature treatment.
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Figure 2.2: Epitaxy. The lattice of the (001) plane of SrTiO3 (white circles)
nearly coincides with the lattice of the ab-plane of Bi2212 (upper half, black
circles) and Y123 (lower half, black circles).
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CHAPTER 3
Film Analysis
Several methods have been used to analyse various physical properties of the
manufactured ﬁlms as well as their topography. These analysis methods are
described in this chapter.
3.1 Microscopy
Apart from optical microscopy, the samples were imaged by the following
methods.
3.1.1 Scanning Electron Microscopy
For scanning electron microscopy (SEM) the sample surface has to be conduc-
tive. The sample is placed into a high vacuum chamber and an electron beam,
generated by applying a voltage (in the kV range) between the sample and a
cathode, is focussed onto the sample surface by means of electric or magnetic
ﬁelds serving as lenses. The spot diameter is approx. 10 nm, depending on the
current. Electrons impinging on the sample release, due to their high kinetic
energy, secondary electrons. Some of those are emitted into the space above
the sample and are collected by a detector which has a positive bias with re-
spect to the sample. The electron beam spot can be moved over the sample
surface by applying additional magnetic or electric ﬁelds. For imaging the
electron beam is scanned over the surface line by line and for each position
x,y the intensity I of the detector signal is recorded and is displayed as an
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image I(x,y). Depending on material properties of the illuminated spot area
the amount of emitted secondary electrons varies and so does the intensity of
the detector signal. Diﬀerent materials thus diﬀer in brightness in the scan
image. Furthermore, the number of electrons that fall onto the detector de-
pends on the presence and size of obstacles between the electron spot and the
detector. A high feature causes a “shadow”, shielding the secondary electrons
from beyond this feature on their way to the detector. Similarly, deep pits
in the surface appear black, since secondary electrons created within the pit
are nearly always adsorbed by the walls of the pit. Sharp protruding edges
or peaks, where the electric ﬁeld density is higher, on the other hand, appear
brighter since the secondary electrons have a higher probability to leave the
sample in locations of a higher electric ﬁeld.
For the SEM images in this work, a Jeol 6320F ﬁeld emission SEM was
used with magnetic lenses (JEOL, Tokyo, Japan). The distance between the
sample and the lowest lense, the objective lense, is the working distance and
was usually set to 5-7mm. The acceleration voltage was 1.5 kV.
3.1.2 Transmission Electron Microscopy
A transmission electron microscop (TEM) makes, just as the SEM, use of
electron optics. The sample is placed into a vacuum chamber and exposed to
an electron beam. Unlike in the SEM, in the TEM the beam is not focussed but
the spot covers an area of about 2µm in diameter. If the sample is suﬃciently
thin, electrons can travel through the sample with a ﬁnite probability. A
suﬃciently low sample thickness can be achieved by grinding a bulk sample
to a ﬁne powder of very small crystallites or by carefully milling a ﬁlm to a
local thickness of zero. Around this hole the sample has a wedge geometry
and one can easily choose a spot, where the sample is thin enough for electron
transmission but thick enough to provide electron contrast. Unlike the SEM,
the sample does not have to be conductive. The transmitted electrons fall
onto a ﬂuorescent screen underneath the sample, where areas with a higher
transmission rate appear brighter than areas with a lower one. By using a
parallel electron beam and additional lenses between sample and screen one
can obtain the diﬀraction image of all crystals within the spot area instead of
the local transmissivity. For one of the ﬁlms produced in this work (Al2O3) this
technique was applied to determine the chemical composition of the ﬁlms. The
diﬀraction pattern evolving during electron irradiation was that of a crystalline
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Al2O3 phase, indicating that the molar ratio Al:O of the ﬁlm amounted 2:3.
The TEM used for this purpose was a Jeol 2010F ﬁeld emission TEM with
an acceleration voltage of 200 kV (JEOL, Tokyo, Japan).
3.1.3 Atomic Force Microscopy
An atomic force microscope (AFM) is a scanning probe microscope that makes
use of a small tip which is in close contact with the surface of the sample.
Tip and surface interact by short range forces such as van der Waals forces
(attractive) and the Coulomb force (repulsive). The tip has the shape of a cone
with elliptical cross section and the cone angles of 40◦-50◦ in one direction and
50◦-60◦ in the other. The very end can be described as a hemisphere with a
radius of less than 10 nm. The tip height is approx. 10-15 µm. The AFM
used in this work to get information on the sample topography was a tapping
mode AFM. Its principle is as follows: The probing tip, pointing downwards,
is located at the free end of a tiny cantilever (length: 129µm, width: 29.5-
31.3 µm, thickness: 3.8-4.5 µm, the other end is ﬁxed on a small piezo crystal
(Fig. 3.1 (a)). By oscillating the piezo crystal in vertical direction with a
frequency fd close to the resonance frequency f0 of the cantilever (usually
several 100 kHz), the tip performs an oscillation with a large amplitude at
frequency fd. The upper side of the oscillating cantilever serves as a mirror
for a laser beam from a ﬁxed laser diode, which is reﬂected into a segmented
photo diode serving as detector. The output voltages Uup and Ulo of the two
segments depend on how much light from the laser beam falls onto each of
them. An oscillating cantilever causes the spot of the reﬂected laser beam to
oscillate over the segments, generating an oscillating voltage in each segment.
The normalized diﬀerence of the two voltages, Uup−UloUup+Ulo is an AC signal with the
frequency fd. The amplitude is maximal for the given amplitude of the piezo
crystal driving oscillation (Fig. 3.1 (b)). The oscillating piezo crystal is ﬁxed
to the lower end of a so-called scanner, which is a hollow tube of a piezoelectric
ceramic. Under angles of 90◦, four electrodes are placed on the outside of the
cylinder. A ﬁfth electrode is inside the tube. By applying a voltage between
outer and inner electrodes, the tube stretches. A voltage between opposite
outer electrodes causes the tube to bend [35]. The upper end of the scanner
is ﬁxed to the frame of the AFM. The scanner moves the cantilever and the
tip horizontally and vertically. By mechanically lowering the scanner, the
tip is brought into proximity of the sample surface. Due to the increasing































































































































































Figure 3.1: Tapping mode AFM. (a) Scanner set-up. (b) No contact with
sample - no damping - maximum amplitude of detector signal. (c) Contact
with a high sample feature - strong damping - low amplitude. (d) Contact
with a low sample feature - weak damping - high amplitude.
interaction between tip and surface, the oscillation amplitude of the cantilever
is dampened. As a consequence the amplitude of the detector output signal
decreases (Fig. 3.1 (c) and (d)). A feedback algorithm keeps the detector
output signal constant (at a setpoint smaller than the maximum amplitude)
by adjusting the vertical tip position. To scan the tip over the sample surface,
the scanner moves the tip line by line over the sample, while the feedback loop,
comparing setpoint and output signal, adjusts the vertical position of the tip
by applying a voltage to the vertical component of the scanner. If the relation
between the applied voltages to the scanner in horizontal (x,y) and vertical (z)
direction and the corresponding deformations in these directions are known,
3.2 X-ray Diﬀraction 21
the tip-“height” z (in nm) for each surface point x,y (in µm) can be determined.
This way the topography of the sample can be measured. The AFM software
subdivides a single scan line into a ﬁxed number of datapoints x,y and logs the
tipheight z(x,y). One has to be aware that the vertical position z(x,y) of the
tip is not identical to the height of the surface since diﬀerent materials of the
sample surface can cause diﬀerent dampings of the tip oscillation. A material
with a strong damping causes the feedback loop to retract the tip more than
a material with a weak damping. The ﬁrst material will thus appear higher in
the scan than the second. This is mainly a problem with soft materials, such
as polymers. The samples that were scanned in this work consisted only of
inorganic material and of only one phase so that here the heightscale of the
scans is reliable.
AFM scans were performed with a Digital Instruments Dimension 3100
AFM (Digital Instruments, Santa Barbara, USA).
3.2 X-ray Diﬀraction
To investigate the phase composition of the inorganic ﬁlms, as well as a prefer-
ential out-of-plane orientation of the crystals, standard ω-2ϑ scans (sometimes
called ϑ-2ϑ scans) were made, typically on a standard 2-circle-diﬀractometer
or, in a few cases, on a 4-circle-diﬀractometer, namely when the sample had
to be investigated in more detail at a later stage. To check for potential out-
of-plane epitaxy of the ﬁlms, ω scans (rocking curves) were taken on the same
diﬀractometer. To investigate the in-plane orientation of epitaxial ﬁlms, ϕ−ψ
scans (texture scans) were used, in addition to ω-2ϑ−ψ scans (area scans).
Three diﬀerent x-ray diﬀractometers were used in this work:
• A Bruker Axs D8 2-circle-diﬀractometer (40 kV, 40mA, software package
Diﬀrac Plus Basic 4.02) was used for some of the ω-2ϑ scans.
• A Philips 2-circle-diﬀractometer PW 1820 4-circle-diﬀractometer (40 kV,
30mA, software APD PW 1877 3.6g) was used for some of the ω-2ϑ scans
and some of the rocking curves.
• A Philips X’Pert MRD 4-circle-diﬀractometer, type 3050/65 (40 kV,
40mA, software X’Pert Data Collector 2.0b) was used for some of the
ω-2ϑ scans and rocking curves and for all texture scans and area scans.
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The 2-circle-diﬀractometers were equipped with a monochromator for Cu Kα
radiation, consisting of a graphite (002) single crystal (Bruker) that fulﬁlled
the Bragg condition for Cu Kα radiation (see below).
3.2.1 The Reciprocal Crystal Lattice
The vectors a∗, b∗, and c∗ of a reciprocal crystal lattice can be derived from











where Vcel is the volume of the unit cel, Vcel=a·(b×c).
With these deﬁnitions e.g. c∗ is always normal to the (001) plane which
is spanned by the vectors a and b. Furthermore for all orthogonal crystal
systems a∗‖a, b∗‖b, and c∗‖c. Finally, for the trigonal and hexagonal crystal
system c∗‖c.
3.2.2 ω-2ϑ Scans
For a 2-circle- or powder diﬀractometer the angle of incidence, ω, is deﬁned as
the angle between the primary x-ray beam and the plane of the sample holder
(Fig. 3.2). The angle of reﬂection, ϑ, is deﬁned as the angle between the
sample holder plane and the viewing direction of the detector. In a normal ω-
2ϑ scan these two angles are varied simultaneously from ωmin to ωmax. When a
single crystal such as a SrTiO3 substrate is placed onto the diﬀractometer with
its c-axis (also c∗-axis) normal to the sample holder plane, then the detector
“sees” the radiation of a diﬀracted beam only if the Bragg condition is fulﬁlled:
n·λ=2d(001)·sinω, n being a natural number, λ the x-ray wavelength, and d(001)
the distance between adjacent (001) planes.
Under the condition that the angle of incidence ω is always equal to the
angle of reﬂection ω=2ϑ/2. This scan mode is therefore sometimes called ϑ-2ϑ
scan and the angle of incidence is called ϑ, but in this work, for comparability
with other scan modes and diﬀractometers, the expressions ω-2ϑ scan and ω
for the angle of incidence are used.
If the single crystal is covered with a ﬁlm of unoriented crystallites, the
diﬀractogram of the sample will show the (00l) reﬂections of the single crystal
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Figure 3.2: ω-2ϑ scan
substrate and all reﬂections of the ﬁlm, resembling a common powder diﬀrac-
togram. This is because for all lattice planes there are some crystallites in the
ﬁlm that have a lattice orientation parallel to the plane of the sample holder.
If a ﬁlm that covers the substrate crystal was grown with a certain out-of-
plane orientation (i.e. in the case of epitaxy), the set of observable reﬂections
is reduced to those that come from the lattice plane which is parallel to the
sample holder plane. For example, a ﬁlm of crystals grown with their a∗-axis
normal to the substrate surface and thus also normal to the sample holder
plane, will only give (h00) reﬂections in the scan.
A ﬁlm can also have a preferential out-of-plane orientation. In this case,
e.g. the a∗-axes of the individual crystallites do not point in all directions with
the same probability as in a non-oriented ﬁlm. Nor do they point all in one
direction as in an epitaxial ﬁlm, but they point in one direction, (e.g. along
the normal of the ﬁlm plane) with a higher probability. In this particular
case the diﬀractogram shows all the reﬂections of this phase as in the powder
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Figure 3.3: Rocking curves of samples with correct alignment (a) and mis-
alignment (b). For the sample in (a) the peak is be located at ω=2ϑ/2. For
the sample in (b) it is located at ω=2ϑ/2 minus the angle of misalignment.
diﬀractogram, but the intensities of the peaks are changed so that the (h00)
peaks have higher intensities compared to the non-oriented ﬁlm and the (0kl)
peaks have lower intensities.
3.2.3 Rocking Curves
Rocking curves (ω scans) were taken to check for a preferential ﬁlm orientation
normal to the substrate plane: A (preferably strong) peak from the ω-2ϑ scan
was chosen, the detector was set to the corresponding value of the 2ϑ angle
and was kept ﬁxed. ω was varied in the range [2ϑ/2-δ; 2ϑ/2+δ] with δ ≈ 3◦.
In the case of an unoriented ﬁlm, where for each value of ω some crystallites
have the right orientation to fulﬁl the Bragg condition, the scattered intensity
is constant over the ω range. On the other hand an epitaxial ﬁlm gives rise to
a single peak since the Bragg condition is fulﬁlled only for a single value of ω.
A perfectly epitaxial ﬁlm would give a peak with a width zero, but in reality,
individual crystallites in the ﬁlm have orientations deviating slightly from the
perfect epitaxial orientation and the rocking curve consists of a peak with a
ﬁnite width, mirroring the mosaic structure of the ﬁlm.
The center of the peak does not necessarilly lie at ω=2ϑ/2. A small mis-
orientation of the sample does not cause a peak shift in the ω-2ϑ scan, because
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the position of a peak in terms of 2ϑ is independent from the orientation of
the sample, but causes a peak shift in the rocking curve (Fig. 3.3).
3.2.4 Texture Scans
Figure 3.4: The hemisphere in reciprocal space of a texture scan for the re-
ﬂections {hkl}.
If the rocking curves showed more-or-less sharp peaks (indicating an out-
of-plane orientation), the in-plane orientation of the ﬁlm was checked by a
texture scan (ϕ−ψ scan). An ω-2ϑ scan only scans along one direction in
reciprocal space, i.e. in the direction normal to the ﬁlm plane (sample holder
plane). It is therefore a one-dimensional scan in the reciprocal space. A
texture scan is, however, a two-dimensional scan in reciprocal space, where
instead of a line, the surface of a hemisphere (or part of it) in reciprocal space
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is scanned for the reﬂections {hkl}1 oﬀ the substrate surface normal (Fig. 3.4).
Due to the deﬁnition of the reciprocal lattice vectors a∗, b∗, c∗, each point in
reciprocal space with the coordinates h·a∗;k·b∗;l·c∗ corresponds to exactly one
reﬂection (hkl), with h,k,l integers (Fig. 3.5). If the direct crystal lattice is
centered, however, several (hkl) reﬂections are extinguished. The length of
the reciprocal vector h·a∗+k·b∗+l·c∗, with h,k,l integers is 1/d(hkl), where d(hkl)
is the distance of adjacent lattice planes producing the reﬂection (hkl). The
vector h·a∗+k·b∗+l·c∗, abbreviated (hkl), is normal to the lattice plane (hkl)
and is therefore in the plane of diﬀraction, forming the bisector between the
primary and the secondary beam. In Fig. 3.2, e.g. c∗ ≡ (001) is normal to
the lattice plane (001). For a texture scan, 2ϑ is set to a value corresponding
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Figure 3.5: Direct (a) and reciprocal (b) lattice of an orthogonal crystal, seen
along the a-axis.
1{hkl} represents the set of the (hkl) plane and all symmetrically equivalent planes. In
space group P 4mm (PbTiO3), e.g. {101} stands for (101), (011), (1¯01), and (01¯1).
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Figure 3.6: The axes of a 4-circle-diﬀractometer. The ϕ-axis is closest to the
sample, i.e. it is always parallel to the sample surface normal. Therefore it is
aﬀected by the movements around the ψ-axis and the ω-axis. The ψ-axis is
always in the plane of diﬀraction. It is aﬀected only by movements around the
ω-axis, which is the furthest from the sample. For ψ=0◦, as shown here, the
ϕ-axis is in the plane of diﬀraction. For ψ=90◦, the ϕ-axis is perpendicular to
the plane of diﬀraction.
radius of the scan hemisphere in reciprocal space is deﬁned. The sample is
moved so that each radius vector of the scan hemisphere (Fig. 3.4) is once the
bisector between the primary beam and the viewing direction of the detector.
If this radius vector points to a reciprocal lattice point (i.e. h,k,l are integers),
the corresponding lattice plane fulﬁls the Bragg condition and the detector
measures the intensity of a diﬀracted beam.
Texture scans were carried out on a 4-circle-diﬀractometer that allows
to move the sample around three mutually perpendicular axes: ω, ϕ, and
ψ (Fig. 3.6). The axis of the detector, 2ϑ, coincides with the ω-axis. The
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movement of the sample for a texture scan with sample inclination ψ in the
range ψ∈[ψmin;ψmax] and rotational positions ϕ in the range ϕ∈[ϕmin;ϕmax]
is as follows. After 2ϑ and ω are set to the ﬁxed values, the sample is brought
into the position ϕmin, ψmin. The sample is rotated around the ϕ-axis to the
position ϕmax, ψmin while the intensity is logged. Such a scan, corresponding
to a parallel of latitude of the scanning hemisphere, is called ϕ-scan. After the
ϕ-scan for ψmin has been taken, the sample is brought back into the position
ϕmin, ψmin. Then ψ is increased by an increment ∆ψ and another ϕ-scan is
taken between ϕmin and ϕmax. In this manner ψ is stepwise increased and ϕ-
scans are taken until ψ=ψmax is reached. Fig. 3.4 corresponds to the situation
ϕ∈[0◦; 360◦], ψ∈[0◦; 90◦].
3.2.5 Area Scans
Reciprocal lattice planes that include the surface normal of the sample may
be of interest e.g. because they have a higher symmetry or because they are
common for both substrate and (epitaxial) ﬁlm. These lattice planes can be
investigated by area (ω-2ϑ−ψ) scans. Similar to texture scans they are scans
of a two-dimensional subspace in reciprocal space. Unlike texture scans, in
area scans an uncurved plane is examined (Fig. 3.7). Strictly speaking not the
(inﬁnite) reciprocal plane is scanned but a sector around the orgin, delimited
by 1/dmax, 1/dmin and ψmin, ψmax (Fig. 3.7).
To take an area scan of e.g. the b∗c∗-plane of a c-axis oriented orthogonal
sample (which contains all (0kl) reﬂections), the sample is rotated to the po-
sition ϕ where the b∗c∗-plane is perpendicular to the plane of diﬀraction (i.e.
where a∗ is in the plane of diﬀraction). ϕ is kept constant during scanning.
The sample is brought into the position ωmin, ψmin and the detector is set to
2ϑ=2ωmin, where ωmin is related to 1/dmax by the Bragg condition). ω and 2ϑ
are increased, while the intensity is logged, until ω=ωmax is reached. Then,
the sample is rotated back to ωmin, ψmin, ψ is incremented and the next ω-2ϑ
scan is taken (Fig 3.7).
3.3 Critical Temperature Measurements
The most important property of a superconducting sample is the absence of a
measureable electric resistance below a certain critical temperature Tc. Other
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Figure 3.7: The plane in reciprocal space of an area scan.
properties, such as the occurence of the Meissner eﬀect, i.e. the displacement
of a magnetic ﬁeld from the interior of a superconductor [36], can also be used
to check for superconductivity but are technically less easily accessible than
the conductance behaviour.
The resistance of a small sample is best measured in the four point mode,
where four contacts on the sample form a rectangle or a line (Fig. 3.8 (a) and
(b)). The contacts are made by thin metal wires glued onto the sample with
a conductive paste, e.g. silver paste. Through the outer contacts (for a line
arrangement) or two neighbouring contacts (for the rectangular arrangement)
a deﬁned constant current is provided. For a sample with a resistance R>0
the potential diﬀerence between these two source contacts creates a voltage
not only between them but also between the two inner contacts or opposite
contacts, respectively. This voltage between the so-called sense contacts can
be measured and is proportional to the resistance of the sample.
If, e.g. due to lack of space on the sample surface, one source and one sense
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contact are uniﬁed to one single contact (two point mode, Fig. 3.8 (c)) the
voltage between the sense contacts is proportional to the sum of the sample
resistance and the resistance of the silver paste dots and thus not proportional
to the ﬁrst only. In both cases, however, the resistance of all wires between
voltmeter and sample does not enter into the measurement. The multimeters
HP3458A and HP3478A (Hewlett Packard, Palo Alto, USA), which were used
in the experiments, can also measure the resistance in a two point mode,
making use only of the source contacts. In this case the measured resistance
is the sum of sample, contacts, and wire resistance.
Figure 3.8: Diﬀerent contact modes.
For resistance
measurements, the
sample has to be







a square, by glue-
ing the ends of thin
platinum or copper
wires with silver paste onto the sample. The other ends of the wires
were connected to the sample holder of the cryostat, which was equipped
with a temperature sensor. Two diﬀerent cryostats were used: 1. A self-
made cryostat without a temperature control, in which the sample cham-
ber was surrounded by a reservoir for liquid nitrogen. Upon ﬁlling this
reservoir, the sample temperature dropped very quickly from room tem-
perature to approx. 77K. After the nitrogen had fully evaporated, the
temperature rose slowly to room temperature (Fig. 3.9). The sample
temperature was measured by a PT100 resistance thermometer, combined
with a HP3478A ohmmeter. The cooling or heating rate of the measurement
could not be controlled, nor was the measurement performed in vacuum, giving
rise to potential condensation of water on the sample. Nevertheless, several
successfull measurements were made with this simple and low-cost device. 2.
The second cryostat was a commercial PPMS Mod. 6000 (Quantum Design,
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San Diego, USA). Here, the sample chamber was surrounded by a liquid he-
lium reservoir, which was embedded in a liquid nitrogen reservoir. A heating
element allowed to control the sample temperature, which was measured by a

































































Figure 3.9: Temperature T as a
function of time for the self-made
cryostat.
Both cryostats were equipped with
a computer that recorded the tempera-
ture and resistance measurements and,
for the commercial cryostat, controlled
the heating. For both cryostats the
measurement was performed while heat-
ing the sample slowly up from the lowest
temperature. For the self-made cryostat
the heating rate was between 0K/min
and approx. 0.7K/min, as estimated
from Fig. 3.9. Every minute, the sample
temperature, the resistance in the four
point mode, and the resistance in the
two point mode were measured within
approx. 10 seconds, while the tempera-
ture continously increased.
For the commercial cryostat the
heating rate was usually set to 1K/min. Every 2K the temperature was sta-
bilized and the resistance in the four point mode and in the two point mode
was measured.
3.4 Critical Current Density Measurements
The conductance behaviour of a sample of a potential superconductor does
not only depend on its temperature but also on the electric current through
the sample. If the current density in the sample exceeds a certain value, the
critical current density jc, the sample shows a non-superconducting behaviour.
jc is a function of the sample temperature and the strength of a magnetic ﬁeld
surrounding the sample. jc increases with decreasing temperature and decreas-
ing strength of an external magnetic ﬁeld. Values for jc were determined by
transport and magneto-optical measurements.
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3.4.1 Transport Measurements
Figure 3.10: Bridges for transport
measurements of jc.
For transport measurements, pho-
tolithography was used to etch four
measurement bridges with well a de-
ﬁned geometry into the superconduct-
ing ﬁlm (Fig. 3.10). Both ends of each
bridge ended in wider contact pads. The
sample was contacted with four con-
tacts (Pt wire, silver paste) in a line
and was cooled down with a Sterling
cooler. At a set temperature below Tc,
an electric current through the sample
was established. The current was step-
wise increased until the voltage mea-
sured in the sense contacts exceeded
10 µV (10 µV criterion). This current
was the critical current Ic. By dividing
Ic by the cross-sectional area of the mea-
surement bridge, jc was obtained. The
transport measurements were carried out by F. Zygalsky at the Technische
Universita¨t Berlin on samples made in Groningen. The photolithographic
work in preparation of the measurements was done by I. von Lampe at the
same university.
3.4.2 Magnetooptical Measurements
This method makes use of both the Meissner eﬀect (i.e. the fact that a type II
superconductor expells a magnetic ﬁeld from its interior), and of the Faraday
eﬀect. The Faraday eﬀect is the rotation of the polarization plane of light
when travelling parallel to a magnetic ﬁeld (rotation angle α=V·l·H, V=Verdet
constant or Verdet tensor, l=length of the path in magnetic ﬁeld, H=magnetic
ﬁeld strength).
If a superconducting thin ﬁlm on a paramagnetic substrate is exposed to a
magnetic ﬁeld perpendicular to the ﬁlm plane, the magnetic ﬁeld penetrates
the superconducting ﬁlm only close to the ﬁlm edges. The ﬁeld free inner
part of the superconducting ﬁlm is called the Meissner phase, the edges which
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are penetrated by the magnetic ﬁeld lines are called the Shubnikov phase.
The partial penetration of the magnetic ﬁeld arises from a supercurrent of
the maximum or critical current density jc near the ﬁlm edges [37]. The
local density of magnetic ﬁeld lines can be made visible by means of the
Faraday eﬀect: Linearly polarized light that falls perpendicularly onto the
sample and is reﬂected by it rotates its direction of polarization in those regions
of the sample that are penetrated by ﬁeld lines (non-superconducting parts and
Shubnikov phase). Light that falls onto the superconducting areas, which are
ﬁeld free (Meissner phase) does not change its polarization direction. Between
crossed polarizers, the Meissner phase of the sample appears black, the non-
superconducting areas and the Shubnikov phase have diﬀerent shades of grey.
Figure 3.11: Magnetooptical measurement of Jc: The brightness proﬁle was
taken along the white line. Black area: superconducting ﬁlm; grey area: no
ﬁlm. The bright areas on the very left of the image originate from magnetic
domain structures in the garnet ﬁlm. Image size: 2.3×2.3mm2.
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Since the Verdet constant of air is quite small, the contrast of the magneto-
optical images can be enhanced by placing a non-doublebreaking material with
a high Verdet constant onto the sample. In the present case, a thin layer of
doped ferrimagnetic iron garnet (cubic, optically isotropic) with a high Verdet
constant was used on a gadolinium-gallium-garnet substrate [38]. The lower
face of the substrate was covered with a thin gold layer that reﬂected the light
into a CCD camera.
At the sharp edge of a superconducting region, the magnetic ﬁeld lines
penetrate the superconductor only partially (Shubnikov phase). The ﬁeld
line density at the edge is even higher than in the non-superconducting re-
gion. The edge therefore appears as a bright line between a darker area (non-
superconducting) and a black area (superconducting) in Fig. 3.11. The light
intensity is proportional to the square of the magnetic ﬂux density in the sam-
ple. By taking an image of the sample and measuring the light intensity along
a line perpendicular to the ﬁlm edge, a proﬁle of the ﬂux density B along this
line is obtained (Fig. 3.12). Under the assumption that the edge belongs to a
long narrow stripe of superconducting material, the ﬂux density proﬁle in the
Shubnikov phase is given by













where y is the position along the line, µ0 is the magnetic ﬁeld constant, Jc
is the product of jc and the ﬁlm thickness d, b marks the position of the
boundary between Meissner and Shubnikov phase within the superconductor
and a is the position of the superconductor surface. For the exterior, the ﬂux
density is given by















By ﬁtting the parameters a, b, and Jc, Jc is obtained. The critical current
density jc is Jc divided by the ﬁlm thickness.
The polarizer and analyzer were part of a microscope that was used to im-
age the sample with a high magniﬁcation. The sample and the garnet ﬁlm were
placed in a cryostat, which had a window for optical access. Unfortunately,
the resolution of the set-up used in this work was not high enough to observe
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Figure 3.12: Proﬁle of the ﬂux density B along the line in Fig. 3.11, taken at
T=33 K with an external ﬁeld of 1.48 mT. The curve is a ﬁt to the data (Eqs.
3.2 and 3.3) with b=56.23 µm and a=281.46 µm.
one micrometer wide lines of superconducting Bi2Sr2CaCu2Ox. Therefore,
this method was only used to conﬁrm the results of transport measurements
of jc. The magneto-optical measurements were carried out by B. Biehler at
the Universita¨t Konstanz, Germany, on samples made at the University of
Groningen.
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CHAPTER 4
Films of Aluminum Oxide and Doped
Zinc Oxide
4.1 Introduction
In terms of composition, the most simple ﬁlms that were produced in this work
were oxides that consisted of only one metal or of two metals in a variable
stoichiometric ratio. These materials are described ﬁrst. The two materials of
interest were amorphous aluminum oxide, Al2O3, and aluminum-doped zinc
oxide, ZnO:Al, with an Al doping of approx. 2wt%. Al2O3 has a high dielectric
constant. In the corundum phase (α-Al2O3) it is one of the hardest materials
known (hardness H=9). ZnO is a II-VI semiconductor with a band-gap of
3.2 eV at 300K [36]. By substituting a fraction of the Zn2+ ions by Al3+ ions,
which serve as electron donors, ZnO is turned into a n-type semiconductor.
ZnO has pyroelectric and piezoelectric properties.
Both ZnO:Al and Al2O3 are transparent for visible light, making them
interesting for optical applications. For example, highly conductive ZnO:Al is
regarded as a possible substitute for indium tin oxide (ITO) as an electrode
material in displays.
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4.2 Aluminum Oxide
Thin ﬁlms of amorphous aluminum oxide have been prepared by electron beam
evaporation [39], by magnetron sputtering [40–43], by spray pyrolysis of a pre-
cursor of aluminum acetylacetonate in DMF [44], and by chemical vapor de-
position [45]. Crystalline ﬁlms have been obtained by ionized beam deposition
(probably α-Al2O3) [46] or by magnetron sputtering (γ-Al2O3) [43].
Amorphous Al2O3 in thin ﬁlms has been found to have a dielectric con-
stants as high as 7.7 and resistivities as high as 1016 Ω·cm [40, 45]. The
refractive index is in the range between 1.28 and 1.66 [39, 44].
4.2.1 Precursor Preparation
Al(NO3)3·9H2O, was dissolved in DMF and PAA was added. The obtained so-
lution was clear and of a faintly yellow color. The weight ratio Al(NO3)3·9H2O:
PAA was 1:1. This results in a molar ratio of Al3+ ions to carboxylic groups of
0.1921:1 and a molar ratio of positive charges from the Al3+ ions to carboxylic
groups of 0.5763:1.
4.2.2 Film Preparation
The substrate materials for the Al2O3 ﬁlms were microscope cover slips and
Si wafers. They were cleaned as described in Sec. 2.4. The precursor solution
was spin-cast onto the substates at 3,000–5,000 r.p.m. and dried as described
in Sec. 2.5. This yielded clear, colorless ﬁlms. After calcination at 600 ◦C for
30min (Sec. 2.7), the ﬁlms showed a network of cracks (Fig. 4.1 (a)), even
though the precursor ﬁlms did not. An AFM scan of the ﬁlm surface reveals
that it is rather smooth, as is shown in Fig. 4.1 (b). On top of Fig. 4.1 a height
proﬁle of the sample is shown as taken from the AFM scan.
4.2.3 Analysis
To investigate the ﬁlm composition, an ω-2ϑ scan was taken. The diﬀrac-
togram didn’t show any peaks except for a broad glass peak. This can be
explained in two ways. Either the ﬁlm is amorphous or, since the ﬁlm thick-
ness was approx. 70 nm, the peak intensities are too low to be detected next to
the diﬀuse scattering radiation of the glass substrate. To answer this question,
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Figure 4.1: Light microscopy image of an Al2O3 ﬁlm on a microscope cover
slip (a) and AFM image (b) with a height scale of 10 nm.
the sample was prepared for TEM imaging by ion milling until a hole in the
sample center had formed. A suitable location on the sample was chosen near
the hole and diﬀraction images were taken in approx. two minute intervals.
In the beginning, these images did not show any diﬀraction pattern but only
the bright spot of the primary beam (Fig. 4.2 (a)). This proves that the ﬁlm
is amorphous. As a consequence of the continous electron irradiation in the
TEM, the ﬁlm underwent a phase transition to a crystaline phase. As shown
in Fig. 4.2 (a) to (d), diﬀraction rings developed with increasing irradiation
time, which consist of individual peaks. This indicates that the number of
grown crystals in the spot area is rather small. The camera of the TEM was
calibrated. By measuring the diameters of the diﬀraction rings, the d-values
(Fig. 3.5) of the lattice planes of the crystals could be calculated. This way,
the phase that developed during electron irradiation was identiﬁed as either γ-
or η-Al2O3. A distinction between these two phases was not possible by this
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Figure 4.2: TEM images of an Al2O3 ﬁlm on a microscope cover slip. (a) to
(d) show how the diﬀraction pattern of a polycrystalline phase develops with
time. (e) is identical to (d), giving the indices of the diﬀraction rings. After
ca. 10min, the ﬁlm showed serious radiation damage in that area where the
diﬀraction images were taken (f).
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experiment, since their lattice parameters (both are cubic) are very similar
(7.911 A˚ and 7.914 A˚, respectively, see Appendix A.4). The ﬁnding that the
crystallization of Al2O3 took place in the vacuum of a TEM (i.e. in the absence
of oxygen), is a strong indication that also the composition of the amorphous
ﬁlm was Al2O3.
It was attempted to grow α-Al2O3 on Si substrates at oxidation temper-
atures of ca. 1000 ◦C (rather than 600 ◦C). An ω-2ϑ scan of such a ﬁlm did,
however, not show any peaks except for those of the substrate.
4.3 Zinc Oxide
ZnO:Al ﬁlms can be prepared by a sol-gel method from zinc acetate and alu-
minum chloride in 2-methoxyethanol [47] or zinc acetate and aluminum nitrate
in isopropanol/ethanol [48], by rf magnetron sputtering [49–51], by spray py-
rolysis of zinc acetate and aluminum chloride in a water/methanol mixture [52]
or a water/isopropanol mixture [53], or by pulsed laser deposition [54]. Films
of undoped ZnO have been prepared by a sol-gel process from zinc acetate in
citric acid and ammonia [8] or zinc nitrate in 2-methoxyethanol [55], and by
chemical vapor deposition [56].
Zinc oxide, a pyroelectric material [57], is a II-VI semiconductor [54, 58].
Its crystal structure is given in Appendix A.5. Doping ZnO with trivalent Al
or In decreases the resistivity of ZnO ﬁlms [52]. Al is widely used as dopant
since n-type doping is easy to obtain [59]. Therefore, ZnO:Al was chosen for
the preparation of thin ﬁlms in this work.
4.3.1 Precursor Preparation
Zn(NO3)2·6H2O and Al(NO3)3·9H2O in the molar ratio 1:0.020 , 1:0.017 and
1:0.012 were dissolved in DMF and PAA was added. This yielded clear, col-
orless solutions. From the weight ratio Zn(NO3)2·6H2O:PAA of 1:1, one can
calculate the molar ratio of Zn2+ ions to carboxylic groups as 0.2422:1 and
the molar ratio of positive charges from the Zn2+ ions to carboxylic groups as
0.4844:1.
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4.3.2 Film Preparation
Films of doped and undoped ZnO were prepared on microscope cover slips and
Si wafers that were cleaned as described in Sec. 2.4. The precursor solutions
were spin-cast at 3,000-5,000 r.p.m. The ﬁlms were dried as descibed in Sec.
2.5. The dried ﬁlms were heated to 600 ◦C in air and kept at this temperature
for 30min (Sec. 2.7). This yielded clear colorless ﬁlms on the coverslips.
One can estimate the shrinkage of the ﬁlm during pyrolysis in the follow-
ing way: Taking a mass density of approx. 1.1 g/cm3 for PAA and dividing
it by the molar mass of a repeating unit, the molar density of carboxylic
groups is 0.0153mol/cm3 in PAA. Taking this density also for the precursor
ﬁlm with complexed Zn2+ ions, a molar ratio of 0.2422:1 for Zn2+:carboxylic
groups gives a molar density of 0.2422·0.0153 mol/cm3=3.6936·10−3 mol/cm3
for the Zn2+ ions in the precursor ﬁlm. On the other hand, the molar density










Figure 4.3: ω-2ϑ scan of ZnO on a microscope cover slip. The broad peak of
glass is clearly visible at low 2ϑ angles. Four unidentiﬁed peaks are present in
addition to the ZnO peaks.
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of Zn2+ in crystalline ZnO is the mass density of ZnO devided by its molar
mass, 5.675 g/cm3 / 81.39 g/mol=6.97·10−2 mol/cm3, which is by a factor of
18.9 higher than in the precursor ﬁlm. Therefore, theoretically, the ﬁlm thick-
ness should decrease to 5.3% of the initial value during the high-temperature
treatment.
4.3.3 Analysis














Figure 4.4: ω-2ϑ scan of ZnO:Al on a Si wafer. Inset: Rocking curve of the
(002) reﬂection.
To investigate the ZnO phase, ω-2ϑ scans were taken on the Philips 2-
circle-diﬀractometer. Fig. 4.3 shows a scan of an undoped ZnO ﬁlm on a
microscope cover slip. In the scanned ω-2ϑ range, all ZnO peaks are visi-
ble except for the (200) and the (201) peak, the two weakest peaks in this
scan range (PDF entry # 361451). The (002) peak has a higher intensity
than the (101) peak, although the ratio should be 44:100 for a powder diﬀrac-
togram. This is a strong indication for a preferential orientation of the ZnO
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crystallites with the c-axis normal to the ﬁlm plane. While several publica-
tions do not report a preferential orientation of ZnO ﬁlms [8, 52, 53], others
claim a more or less strong c-axis orientation of ZnO in thin ﬁlms [54, 56].
In particular, ﬁlms produced by a sol-gel process [47, 55] show results of ω-
2ϑ scans similar to Fig. 4.3. Fig. 4.4 shows an ω-2ϑ scan of a ZnO:Al ﬁlm
on a Si wafer. Within the scanned ω-2ϑ range all ZnO peaks and one Si
peak are visible. Similar to the sample of Fig. 4.3, the intensity ratios of the
(002) and (101) peaks or the (002) and (100) peaks indicate a preferential
c-axis orientation. The inset of Fig. 4.4 shows a rocking curve of the (002)
reﬂection. The fact that the curve has a maximum at ω=16.8◦(close to 2ϑ/2
of the (002) reﬂection at 2ϑ=34.38◦), is another indication for a preferential
c-axis orientation. On the other hand, the rocking curves of the (100) and
(101) reﬂections also show maxima at ω=2ϑ/2. For a ﬁlm with a prefer-
ential c-axis orientation, a texture scan of the (101) reﬂection should show
Figure 4.5: Texture scan for the
(101) reﬂection of ZnO:Al on Si.
ϕ∈[0◦; 90◦], ψ∈[0◦; 85◦].
a ring of higher intensity with a maxi-
mum at ψ=58.0◦ (angle between c∗ and
(101)). Fig. 4.5 shows a texture scan
of the sample of Fig. 4.4, with ϕ∈[0◦;
90◦] and ψ∈[0◦; 85◦]. This texture scan,
however, does not show any pattern.
It is therefore doubtful that the ZnO
ﬁlms had a preferential c-axis orienta-
tion. The observation of shifted peak
intensities ((002) is stronger than (101))
in the ω-2ϑ scans could also be ex-
plained by the assumption, that for ZnO
ﬁlms grown from polymer solutions the
peak intensities are in fact diﬀerent than
for powder samples. In other words, if
the ﬁlm was scratched oﬀ the substrate
and an ω-2ϑ scan was taken of the pow-
der, this diﬀractogram would still show
a stronger (002) peak.
The ﬁnding of a broad peak in the rocking curves of the (100), (002), and
(101) reﬂections can be explained by the Bragg-Brentano geometry, which is
fulﬁlled if ω=2ϑ/2 [60]. In this case the sample surface area, which is exposed
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to the primary beam AND to the “view” of the detector, is maximal.
Films of Al-doped ZnO show conductance when contacted with two metal
pins of a standard ohmmeter. The resistance was on the order of several MΩ
for distances of several mm. This is an indication that either the doping rate
or the quality of the grown crystalites is not optimal. Resistivities as low as
4·10−4 Ω·cm have been reported [54] for ZnO:Al ﬁlms made by pulsed laser
deposition.
4.4 Patterned Films of Aluminum Oxide and Zink
Oxide
A major advantage of the solution deposition process applied in this work is
the possibility to pattern the precursor ﬁlm. In this work micromoulding was
used as patterning procedure (Sec. 2.6).
Fig. 4.6 shows two patterned Al2O3 ﬁlms on microscope cover slips, imaged
by light microscopy ((a) and (b)), by SEM ((c) and (d)), and by AFM ((e) and
(f)). Below the AFM images, the height proﬁles of the respective patterns are
depicted. For this ﬁgure and Fig. 4.7, the pattern is deﬁned by the following
parameters: 1. The periodicity a, measured perpendicular to the line direction,
or between nearest neighbour columns, respectively. 2. The width d of the lines
or the diameter d of the columns, respectively. 3. The height h of the lines
or columns. Line pattern: a=2.5µm, d=500–650 nm, h=450–500 nm. Column
pattern: a=1.0µm, d=545(7) nm, h=195(5) nm.
Fig. 4.7 shows two patterned ﬁlms of ZnO:Al on microscope cover slips,
imaged by light microscpy ((a) and (b)), by SEM ((c) and (d)), and by AFM
((e) and (f)). Below the AFM images, the height proﬁles of the respective
patterns are depicted. Line pattern: a=2.0µm, d=660–700 nm, h=210(5) nm.
Column pattern: a=1.0µm, d=580–660 nm, h=110(7) nm.
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Figure 4.6: Patterned Al2O3 ﬁlms. Details are given on page 45.
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Figure 4.7: Two patterned ZnO:Al ﬁlms. Details are given on page 45.
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CHAPTER 5
Films of Lead Titanate
5.1 Introduction
An advantage of the solution deposition methods, compared to the various
vacuum deposition techniques, is the ease to grow oxides of two or more con-
stituting metals in a ﬁxed stoichiometric ratio. Furthermore, the composition
of the grown phase can easily be changed by changing the stoichiometric ratio
of the metals in the precursor. In this chapter, the growth of lead titanate,
PbTiO3, is presented. PbTiO3 is one end member of the solid solution series
PbZrO3–PbTiO3 (PZT). PbZr1−xTixO3 ceramics (single crystals exist only
for x=0 or x=1) are ferroelectric and piezoelectric at room temperature, with
the highest dielectric and piezoelectric constants for x∈[0.46; 0.51]. This range
is also the boundary between the Zr side of the phase diagram, where PZT
is rhombohedral, and the Ti side, where PZT has a tetragonal symmetry.
Within the x-range [0.46; 0.51], a monoclinic PZT phase is stable [61, 62].
Pure PbTiO3 has one of the highest polarizabilities among the perovskite
compounds [36] (Appendix A.1 and A.6).
Thin ﬁlms of PbTiO3 have been prepared by chemical vapor deposition [63,
64], pulsed laser deposition [65, 66], by a sol-gel method from acetates/alkoxides
in 2-methoxyethanol [15, 67], from alkoxides in 2-methoxyethanol [68], or ac-
etates/alkoxides in acetic acid (PZT) [12, 16].
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5.2 Precursor Preparation
Pb(NO3)2 and Ti(NO3)4 in the molar ratio 1:1 were dissolved in DMF and
PAA was added. The resulting solution was clear and had a strong orange
color. With a weight ratio nitrates:PAA of 1:1.5, the molar ratio of metal
cations to carboxylic groups was 0.0761:1 and the molar ratio of positive
charges from the Pb2+ and Ti4+ ions to carboxylic groups was 0.4566:1.
5.3 Film Preparation
PbTiO3 ﬁlms were manufactured on doped and undoped Si wafers and on
doped and undoped SrTiO3 (001) single crystals cleaned in the way described
in Sec. 2.4. The precursor was spin-cast with 1,500–4,000 r.p.m. and dried,
yielding clear colorless ﬁlms. They were heated to 700 ◦C as described in Sec.
2.7 and held at this temperature for 30min.
Similarly to the calculations made for ZnO (Sec. 4.3), the theoretical
shrinkage of the applied PbTiO3 precursor ﬁlm during the high-temperature
treatment can be estimated. The thickness of the PbTiO3 ﬁlm should be 4.4%
of the thickness of the precursor ﬁlm.
5.4 Analysis
An AFM scan of a PbTiO3 ﬁlm, depicted in Fig. 5.1, shows a comparatively
rough surface. The composition of the ﬁlms was conﬁrmed by ω-2ϑ scans. For
ﬁlms on Si wafer substrates, the diﬀractogram has all peaks of PbTiO3, as
shown in Fig. 5.2. In addition to the PbTiO3 peaks, several other peaks are
visible, which could not be identiﬁed. They have, however, low intensities. The
intensity ratios of the PbTiO3 peaks are in accordance with those of a powder
diﬀractogram, which indicates that there is no preferential orientation of the
ﬁlm. As described in Sec. 2.8, a high polarizability of a polycrystalline PbTiO3
ﬁlm in the direction perpendicular to the ﬁlm plane is desirable for practical
applications. Since aSi≈
√
2·aPbTiO3, Si (001) wafers are in principle suitable
substrates to grow epitaxially c-axis oriented PbTiO3 ﬁlms. Si wafers stored in
air are always covered with a thin amorphous SiOx layer, which prevents epi-
taxial growth. In the attempt to grow epitaxial PbTiO3 ﬁlm on Si (001) wafers,
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Figure 5.1: AFM scan of a PbTiO3
ﬁlm on a Si wafer. Above the image,
the height proﬁle of the scan.
the substrates were therefore immersed
in HF for several minutes to remove
the oxide layer and rinsed with water.
Immediately after drying in nitrogen,
the substrates were spin-coated with the
precusor. The samples were treated in
the same way as described above, yield-
ing PbTiO3 ﬁlms that show the same
diﬀractogram as in Fig. 5.2. No further
attempts to epitaxially grow PbTiO3 on
Si were made. The reason for the fail-
ure to obtain c-axis oriented ﬁlms re-
mains therefore unknown. It is, how-
ever, likely that the reactive Si surface
oxydizes during the high-temperature
treatment before PbTiO3 has formed.
By chosing an oxidic substrate, e.g.
SrTiO3, the problem of an intermedi-
ate layer disturbing the epitaxial growth
can be circumvented. The (001) plane
of SrTiO3 single crystals matches very
well the (001) plane of PbTiO3, as ex-
plained in Sec. 2.8. Films on doped and undoped SrTiO3 (001) subtrates were
made the same way as on Si substrates. Fig. 5.3 shows the ω-2ϑ scan of a
PbTiO3 ﬁlm on a SrTiO3 (001) substrate. Only the (00l) peaks of PbTiO3
and SrTiO3 are visible, indicating the expected c-axis orientation of the ﬁlm.
However, since (h00) peaks of a-axis oriented PbTiO3 coincide with the (00h)
peaks of SrTiO3, the amount of possible a-axis oriented domains cannot be
estimated. With the lattice parameters aSrTiO3=3.905 A˚ and cPbTiO3=4.156 A˚
(Appendix A.1 and A.6), the lattice mismatch for these domains is (cPbTiO3-
aSrTiO3)/aSrTiO3=6.4%.
Hsu and Raj [65] ﬁnd that ﬁlms thinner than 50 nm consist only of c-
axis oriented PbTiO3, while with increasing thickness the amount of a-axis
oriented domains increases to 25% for 350 nm thickness. While the c-axis
oriented domain (c⊥) is aligned with cPbTiO3‖cSrTiO3, for the a-axis oriented
domains (a⊥) aPbTiO3 forms an angle of approx. 3.6◦ with cSrTiO3 [64–66], as is
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depicted in Fig. 5.4 (b). The inclination of aPbTiO3 can be towards any of the
four directions [100], [010], [1¯00], [01¯0] of SrTiO3, giving rise to four domains
of a-axis oriented PbTiO3. In Fig. 5.4 (b), only one of the four domains is
drawn. An explanation for the inclination of only the a-axis oriented domains
is given by Theis and Schlom [66]. As a consequence, the rocking curve of the
SrTiO3 (001) reﬂection (which has the same d-value as PbTiO3 (100)) shows
besides the main peak two smaller side peaks located a few degrees towards
lower and higher ω-values.
Rocking curves taken in this work of the SrTiO3 (001) and (002) peaks,
had a too small range (ca. 4◦ in total) to conﬁrm this observation.
Figure 5.2: ω-2ϑ scan of a PbTiO3 ﬁlm on a Si wafer.
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Figure 5.4: Epitaxial alignment of a- and c-axis oriented PbTiO3 on SrTiO3
(001). Without twinning, the lattices of all domains would be parallel to the
SrTiO3 crystal lattice (a). In reality, the lattices of the a-axis oriented domains
are tilted by ca. ±3.6◦ around SrTiO3 [100] and [010] (b). This gives rise to a
displacement of the reﬂections of these four domains.
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Figure 5.5: Texture scan of the {101} re-
ﬂections of an epitaxial PbTiO3 ﬁlm on a
SrTiO3 (001) substrate. The radial elon-
gation of the peaks is at least partialy
a consequence of the x-ray beam proﬁle
(1×10mm2).
To conﬁrm both in-plane and
out-of-plane orientations, a tex-
ture scan of the {101} reﬂections
(the strongest ones) of the sam-
ple was taken (see also footnote
on page 26 for labeling), which
is shown in Fig. 5.5. The sam-
ple was aligned on the 4-circle-
diﬀractometer such that at ϕ=0◦
the SrTiO3 [100] direction was in
the plane of diﬀraction. Only
four peaks are present in the
texture scan, located approx. at
ϕ=0◦; 90◦; 180◦; 270◦. This
proves that the c- and a-axis ori-
ented PbTiO3 has grown epitaxi-
ally: aPbTiO3‖aSrTiO3 and bSrTiO3;
cPbTiO3‖cSrTiO3 in the case of c-
axis oriented PbTiO3. In the case
of a-axis oriented PbTiO3 was
aPbTiO3 ≈‖cSrTiO3 and cPbTiO3 ≈
‖aSrTiO3 and bSrTiO3. The peak
positions in the texture scan (Fig.
5.5) in terms of ψ are not quite clear due to the elongation of the peaks caused
by the beam proﬁle. Fig. 5.6 shows the intensity distribution of the four peaks
from Fig. 5.5 in more detail. Fig. 5.7 shows the peaks of a second PbTiO3 ﬁlm
grown on a doped SrTiO3 (001) substrate. The second sample was prepared
similarly to the ﬁrst epitaxial PbTiO3 ﬁlm. The only diﬀerence was that the
spin-coating velocity was 2,000 r.p.m. instead of 3,000 r.p.m. Nevertheless the
peaks have much lower intensities, indicating a lower ﬁlm thickness or lower
amount of crystalline PbTiO3. Note that in Fig. 5.6 the intensities are given
in counts per 1.5 seconds, in Fig. 5.7 they are given in counts per 3 seconds.
The tilt of the a-axis oriented PbTiO3 domains does not only give rise to the
appearance of side peaks in the rocking curve of the SrTiO3 (001) reﬂection,
caused by the PbTiO3 (100) reﬂection as described e.g. by Hsu and Raj [65].
It should also give rise to four additional {101} peaks in a texture scan, located
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Figure 5.6: The peaks of the PbTiO3 {101} texture scan of Fig. 5.5 in detail.
The center of the ϕ ranges are (a) ϕ=0◦, (b) ϕ=90◦, (c) ϕ=180◦, (d) ϕ=270◦.
The stepwidth in ψ was 1◦.
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Figure 5.7: The peaks of a PbTiO3-{101} texture scan of a PbTiO3 ﬁlm on
doped SrTiO3 (001) in detail. The center of the ϕ ranges are (a) ϕ=0◦, (b)
ϕ=90◦, (c) ϕ=180◦, (d) ϕ=270◦. The stepwidth in ψ was 0.4◦.
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Rocking curves ϕ scan
PbTiO3 SrTiO3 PbTiO3
(001) (002) (001) (002) (101) (011) (1¯01) (01¯1)
0.84◦ 0.88◦ 0.05◦ 0.05◦ 0.8◦ 1.1◦ 1.3◦ 1.1◦
Table 5.1: FWHMs of rocking curves and ϕ scan peaks.
at ψ=45◦-3·1.8◦=39.6◦, while the {101} peaks of c-axis oriented PbTiO3 are
located at ψ=45◦+1.8◦=46.8◦, as can be seen in Fig. 5.4 (b). Due to the poor
resolution of the 4-circle-diﬀractometer in the ψ direction, when a line proﬁle
primary beam was used, these peaks overlap in the texture scan of PbTiO3
{101}. However, in Fig. 5.6 it can be seen that the maxima of the peaks are
located at ψ=43◦ (note that the stepwidth in ψ was 1◦), which is a strong in-
dication for the presence of a certain amount of a-axis oriented PbTiO3. The
peaks in Fig. 5.7, on the other hand are located approx. within the ψ range
[45◦; 48◦]. Due to the low intensities, their positions are, however, not very
clear. The latter ﬁnding would be in agreement with the observation in Ref.
[65] that thinner ﬁlms contain less a-axis oriented PbTiO3, if one assumes that
the ﬁlm of Fig. 5.7 has a lower thickness than that of Fig. 5.6. This assumption
is supported by the lower peak intensities.
To investigate the quality of the alignment of the c-axis oriented PbTiO3
crystals, rocking curves of the (001) and (002) reﬂections of ﬁlm and substrate
were taken (Fig. 5.8 (a)). In Fig. 5.8 (b), a single ϕ scan, extracted from the
texture scan in Fig. 5.5 (ψ=46◦), is depicted. Table 5.1 lists the FWHMs of
the rocking curves and of the peaks of the ϕ scan. The rocking curves are
signiﬁcantly broader than those of PbTiO3 ﬁlms grown by chemical vapour
deposition (0.1◦) [64], and also the peaks of the ϕ scan are somewhat broader
than reported for ﬁlms grown by pulsed laser deposition (0.4◦) [66].
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Figure 5.8: Rocking curves (a) and {101} ϕ scan (b) of a PbTiO3 ﬁlm on a
SrTiO3 (001) single crystal.
Figure 5.9: SEM image of a PbTiO3
ﬁlm on a SrTiO3 (001) single crys-
tal. The two white lines in the up-
per right corner indicate the princi-
pal directions of the crystal edges.
The SEM image of the ﬁlm in Fig. 5.9
shows crystallites with rather round cor-
ners and edges, locally forming a con-
tinous ﬁlm with pores. These pores
have comparatively sharper corners and
straighter edges. The edges of the pores
run more or less in the two directions in-
dicated by the two white lines drawn in
the upper right corner of Fig. 5.9. These
two directions are parallel to the edges
of the SrTiO3 substrate, i.e. the [100]
and [010] direction of SrTiO3, which is
in accordance with the epitaxial orienta-
tion found before. It can be concluded
that PbTiO3 has mainly developed the
{100} faces (i.e. (100), (010), (1¯00), and
(01¯0)), forming a tetragonal prism, and
the {001} faces (pinacoids). The ap-
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pearance of the PbTiO3 crystallites diﬀers from that of the Bi2212 crystallites
shown e.g. in Fig. 7.1. It is remarkable that the edges of the pores (or “negative
crystals”) are so much straighter than those of the PbTiO3 crystallites.
To summarize, PbTiO3 ﬁlms have been grown non-epitaxially on Si wafers
and epitaxially on SrTiO3 (001) substrates. The epitaxial ﬁlms consist of
domains of a- and c-axis oriented PbTiO3.
5.5 Patterned Films of Lead Titanate
For practical applications of PbTiO3 ﬁlms, such as data storage or piezo actu-
ators, patterning of the ﬁlm can improve the suitability, as described in Ref.
[69] for magnetic data storage, or even be necessary. Patterned ﬁlms of PZT
have been prepared by a sol-gel process in combination with micromoulding in
capillaries (MIMIC) [12, 16]. This method is restricted to “open” structures,
where all elevated features of the ﬁlm are linked to each other. The micro-
moulding process used in this work, however, allows also patterns of isolated
high features such as columns. The PbTiO3 precursor ﬁlms were patterned by
micromoulding as described in Sec. 2.6. The patterned precursor ﬁlms were
heated in the same way as spin-cast ﬁlms, which yielded line- and column-
patterned PbTiO3 ﬁlms. The composition was conﬁrmed by ω-2ϑ scans. The
ﬁlms were imaged by light microscopy and AFM (Fig. 5.10).
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Figure 5.10: Patterned ﬁlms of PbTiO3 on Si wafers, imaged by light mi-
croscopy ((a) and (b)) and AFM ((c) and (d)). Below (c) and (d), height
proﬁles of the two AFM scans are shown. The parameters, as deﬁned on page
45, are for the line pattern: a=2.26µm, d=1.25(8) µm, h=90(5) nm. For the




One of the best-investigated high-temperature superconductors is probably
YBa2Cu3Ox or Y123. Its critical temperature Tc depends strongly on the
oxygen content x∈[6; 7]. For thin ﬁlms of Y123, superconductivity was found
only for x≥6.37 [70] or ≥6.4 [71]. For lower oxygen contents, Y123 is an insu-
lator or semicondutor. For x≥6.8, Tc is higher than the boiling temperature
of liquid nitrogen, 76K [70, 71], which makes Y123 an interesting material for
practical applications.
Thin ﬁlms of YBa2Cu3Ox have been grown by various techniques, including
magnetron sputtering [1, 2, 72], solution deposition from a PMAA or PAA
solution [19, 73], by the sol-gel method using the corresponding acetates in
1,3-bis(dimethylamino)-2-propanol/acetic acid [74] or acetic acid/water [75]
or alkoxides in isopropanol/acetic acid [76], by pulsed laser deposition [77–79],
or by chemical vapor deposition [5, 80].
In this work, Y123 ﬁlms were produced that showed semiconducting be-
havior upon cooling to low temperatures. Their thermodynamic phase, how-
ever, was that of Y123. By comparing several physical properties of the
non-superconducting ﬁlms with those of superconducting ﬁlms supplied by
I. von Lampe and coworkers (Technische Universita¨t Berlin, Germany), it was
attempted to determine the reason for the observed undesired conductance
behaviour. These studies were carried out on two non-superconducting sam-
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Figure 6.1: Resistance R as a function of tempera-
ture T for a superconducting (full line) and a non-
superconducting (dotted line) Y123 ﬁlm on LaAlO3
(001).
ples and on two su-
perconducting samples
(one of each type on a
SrTiO3 and a LaAlO3
substrate). The two su-
perconducting samples
were manufactured in a
very similar way and
were typical in terms
of conductance prop-
erties and morphology.
The two examined non-
superconducting sam-
ples, on the other hand,




tion. Fig. 6.1 shows the
resistance versus tem-
perature plots of the superconducting and the non-superconducting samples
deposited on LaAlO3 (001).
Figure 6.2: SEM images of a superconducting (a) and non-superconducting
(b) Y123 ﬁlm on LaAlO3 (001) and SrTiO3 (001), respectively.
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6.2 Precursor Preparation
Y(NO3)3·4H2O, Ba(NO3)2, and Cu(NO3)3·2.5H2O were dissolved in the mo-
lar ratio 1:2:3 in DMF. Barium nitrate dissolved rather poorly, therefore, if
necessary, more DMF was added (up to 100% of the original amount) until
all nitrates were fully dissolved. PMAA (both commercial and self-made) was
added, yielding clear green-blue viscous solutions. With a weight ratio ni-
trates:PMAA of 1.31:2, the molar ratio of Y+2Ba+3Cu to carboxylic groups
was 0.0359:1 and the ratio of positive charges of Y3+, Ba2+, and Cu2+ to
carboxylic groups was 0.4668:1.
6.3 Film Preparation
As explained in Sec. 2.8, epitaxial growth of Y123 (preferentially c-axis ori-
ented) is necessary to obtain high critical current densities jc. In this work,
SrTiO3 and LaAlO3 (001) substrates were used. They were cleaned as de-
scribed in Sec. 2.4 and precursor ﬁlms were spin-cast with 2,500 or 3,000 r.p.m.
The clear, green precursor ﬁlms were dried and pyrolized in nitrogen and oxy-
gen as described in Sec. 2.7. In analogy to the calculations made for the
shrinkage of the ZnO precursor ﬁlm (Sec. 4.3.2), the thickness decrease of the
Y123 precursor ﬁlm was estimated. The thickness of the Y123 ﬁlm should
amount 4.8% of the precursor ﬁlm thickness.
6.4 Analysis
SEM images of superconducting and non-superconducting ﬁlms of Y123 are
shown in Fig. 6.2 (a) and (b), respectively. The superconducting ﬁlm has
no visible pores and its surface is covered with small crystallites that appear
much brighter than the underlying phase. In the second superconducting
sample these surface crystallites are somewhat bigger and appear still brighter
than the underlaying ﬁlm (not shown). It is therefore very likely that they
consist of a diﬀerent phase than the main ﬁlm and that their brightness is not
only a consequence of their small size (edges appear brighter than the adjacent
faces in the SEM, as explained in Sec. 3.1.1). The non-superconducting ﬁlm,
on the other hand, is highly porous and does not show any indication for the
existence of a second phase. The individual crystallites reveal no clear faces
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except for the top face, which is parallel to the ﬁlm plane for most of the
crystallites.
ω-2ϑ scans of the four samples show that they consist mainly of c-axis ori-
ented Y123 phase, since the (00l) peaks of YBa2Cu3Ox are by far the strongest
peaks in Fig. 6.3 and Fig. 6.4 for the non-superconducting and the supercon-
ducting samples, respectively. Apart from the Y123 (00l) and the substrate
(00l) peaks, several other peaks are visible.
The diﬀractograms of the superconducting samples show the (111) and
the (200) peaks of Al, stemming from the aluminum sample support of the
diﬀractometer which was accidently exposed to the primary beam. All four
diﬀractograms show low-intensity peaks, which could not be identiﬁed. For
the non-superconducting samples, these peaks have higher relative intensities
than for the superconducting samples.
From the angular position of the Y123 (00l) peaks in the diﬀractograms,
the c-values of the four ﬁlms could be determined as 11.70(3) A˚ and 11.63(2) A˚
for the non-superconducting samples on SrTiO3 and LaAlO3, respectively. For
the superconducting samples, the values are 11.67(3) A˚ and 11.67(2) A˚ for the
SrTiO3 and the LaAlO3 substrate, respectively. The variation of c for the non-
superconducting samples is somewhat higher than for the superconducting
ones. Nevertheless, all values are in agreement with published values for Y123
lattice parameters [70, 71, 81, 82].
The conductance behavior of YBa2Cu3Ox ﬁlms depends, among other fac-
tors, on the oxygen content. To elucidate the origin of the diﬀering electroni-
cal properties between the non-superconducting and superconducting samples,
the oxygen content x of the four samples was estimated from the available x-
ray data. The lattice parameters a, b, and c, as well as the ratios of x-ray
reﬂection intensities depend on the oxygen content. Cava et al. [81], Jorgensen
et al. [71] and Ono [82] give the lattice parameters as a function of x, while Ye
and Nakamura [70] list the lattice parameters as a function of x as well as the
intensity ratios I(005)/I(006), I(005)/I(004), and I(005)/I(007). Since c can easily be
determined from the ω-2ϑ scans, this is the ﬁrst choice for the estimation of x.
However, as explained by Ye and Nakamura, lattice defects or cation disorder
can inﬂuence c. Therefore, they also determined three diﬀerent intensity ratios
as a function of x, which they claim to depend more reliably on x than the
lattice parameters. They found the I(005)/I(006) ratio to be the most suitable in




SrTiO3 LaAlO3 SrTiO3 LaAlO3
c [A˚] 11.70(3) 11.63(2) 11.67(3) 11.63(2)
x from c [70] 6.85-7 7∗ 7 7
x from c [71] 6.76(20) 7∗ 7∗ 7∗
x from c [81] 6.85(15) 7∗ 7∗ 7∗
x from c [82] 6.70(16) 7∗(0.03) 6.86(16) 6.86(11)
I(005)/I(004) 15.25 14.50 17.07 14.80
I(005)/I(007) 5.08 9.67 10.86 7.02
x from I(005)/I(004) [70] 0-0.15 0-0.15 0.05-0.20 0-0.15
x from I(005)/I(007) [70] 6.75-6.85 7∗ 7∗ 7∗
Table 6.1: Oxygen content x derived by comparing the lattice constant c
and the intensity ratios I(005)/I(004) and I(005)/I(007) with data from references
[70, 71, 81, 82]. 7∗ denotes values that are higher than 7 or outside the value
range given in the respective publication.
coincides with the (002) peak of SrTiO3 and LaAlO3, the two other intensity
ratios were concidered in this work (i.e. I(005)/I(004) and I(005)/I(007)).
Table 6.1 lists the oxygen contents x of the four samples as derived by
comparing the measured c-values with the data of the four publications. In
addition, the oxygen contents derived from a comparison of the intensity ratios
with the data of Ye and Nakamura are listed [70]. The large scatter in the
values for x may have several reasons: 1. The c lattice constant of Y123 ﬁlms
on SrTiO3 and LaAlO3 may diﬀer from the c lattice constant of Y123 ﬁlms
on MgO [70] or from bulk Y123 [71, 81, 82]. 2. The c lattice constant may be
inﬂuenced by more factors than the oxygen content, e.g. lattice defects, which
could diﬀer in our samples from published results. 3. The determination of
the precise peak intensities and hence the calculation of the intensity ratios
may be diﬃcult since the intensities are inﬂuenced by the background of the
scan or the possible coincidence (overlap) of two (or more) peaks.
Despite the large scatter in x, the results of Table 6.1 indicate that all
four samples are oxygenated to a degree that they should be superconducting.
Thus, it is unlikely that the oxygen content is the reason for the diﬀerent
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Figure 6.3: ω-2ϑ scans of non-superconducting Y123 ﬁlms on SrTiO3 (001)
(a) and on LaAlO3 (001) (b).
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Figure 6.4: ω-2ϑ scans of superconducting Y123 ﬁlms on SrTiO3 (001) (a) and
on LaAlO3 (001) (b).
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Figure 6.5: Texture scan for the Y123 {104} reﬂections of a superconduct-
ing (a) and a non-superconducting Y123 ﬁlm on LaAlO3 (001) substrates.
The radial elongation of the peaks is a consequence of the x-ray beam proﬁle
(1×10mm2).
electronical properties of the two sample types.
From the fact that the ω-2ϑ scans of all four samples show only (00l)
reﬂections, it can be concluded that the Y123 ﬁlms were c-axis oriented (out-
of-plane orientation). The in-plane orientation was investigated by texture
scans of the {104} reﬂections of Y123. The samples were aligned on the 4-
circle-diﬀractometer such that at ϕ=0◦ the SrTiO3 [100] direction was in the
plane of diﬀraction. The {104}Y123 reﬂections were chosen because they have
a rather high intensity and do not coincide with any reﬂection of the substrate
in terms of the d-value. The texture scan of the superconducting and the
non-superconducting sample on LaAlO3 are shown in Fig. 6.5 (a) and (b),
respectively. The (104) direction of Y123 forms an angle of approx. 37.8◦
with the c-axis. Therefore, the {104} reﬂections of c-axis oriented Y123 ﬁlms
appear at ψ≈37.8◦. Assuming a ‘cube on cube’ growth of Y123, where the
a-axis of Y123 is parallel to the a- or b-axis of the substrate (as shown in
Fig. 2.2), the Y123 {104} reﬂections should appear at ϕ=0◦, 90◦ 180◦, 270◦.
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This is the case for both texture scans in Fig. 6.5. The small displacement
of the peaks at ϕ=90◦ and 270◦ is probably due to a slight misalignment of
the sample. The highest intensities of the peaks are found for ψ∈[34◦; 40◦],
varying for each peak and from sample to sample. In Fig. 6.5 (a) only peaks
stemming from c-axis oriented Y123 are visible. No traces of Y123 with other
orientations can be seen. In particular, there are no peaks from a-axis oriented
Y123, which is known to grow preferentially at lower temperatures [1, 80]. In
Fig. 6.5 (b), on the other hand, four additional peaks are visible at ϕ=0◦,
90◦, 180◦, 270◦ and ψ≈52◦. These peaks can be attributed to a-axis oriented
Y123, where the (104) direction forms an angle of 52.2◦ with the ﬁlm normal.
Since cY123≈3·aSrTiO3, a-axis (or b-axis) oriented Y123 can be aligned with
the b- and c-axis (a- and c-axis) parallel to [100]SrTiO3 and [010]SrTiO3. {104}
reﬂections of a-axis oriented Y123 will therefore appear at ψ=90◦-37.8◦=52.2◦
and ϕ=0◦, 90◦, 180◦, and 270◦. Further peaks at ψ=90◦ and ϕ=0◦±37.8◦,
90◦±37.8◦, 180◦±37.8◦, and 270◦±37.8◦ cannot be observed since they are
within the sample plane. The sample from Fig. 6.5 (b) is, however, the only
one of the four examined samples that contained a-axis oriented Y123. Both
non-superconducting samples diﬀer from the superconducting samples in the
higher background radiation of the texture scans.
The critical current density jc depends strongly on the quality with which
the epitaxial Y123 crystallites are aligned on the substrate. If the alignment
is too poor, a ﬁlm consisting of individual superconducting crystals may show
non-superconducting behavior. To investigate the out-of-plane alignment of
the ﬁlms, rocking curves of the substrate (001) and (002) peaks and the Y123
(002) and (005) peaks were taken. The FWHMs of the rocking curves of the
ﬁlms are a measure of the out-of-plane alignment. The in-plane alignment,
on the other hand, can be estimated from the FWHMs of the texture scan
peaks. Therefore, for each texture scan the three ϕ scans with the highest peak
intensities were chosen, and the FWHMs of the peaks at ϕ=90◦, 180◦, and 270◦
were averaged. The values of the FWHMs of both rocking curves and ϕ scans
are given in Table 6.2. Apart from the diﬀering quality of the substrates,
the higher mosaic spread of the non-superconducting samples (expressed in
broader rocking curves and broader ϕ scan peaks) indicates a lower quality
of the epitaxial order as compared to the superconducting ﬁlms. Therefore, a
possible explanation for the diﬀering conductance behaviour of the investigated
samples could be a quantitative diﬀerence in the critical current density jc. If
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Sample
non-superconducting superconducting
SrTiO3 LaAlO3 SrTiO3 LaAlO3
(001)Subst. 0.50 0.63 0.05 0.05
(002)Subst. 0.89 0.85 0.05 0.05
(002)Y123 0.60 0.79 0.32 0.25
(005)Y123 0.76 1.00 0.34 1.02
{104}Y123 1.44 1.81 1.11 1.15
Table 6.2: FWHMs of rocking curves and averaged FWHM of the ϕ scans for
Y123 {104} .
jc is very low in the non-superconducting samples, due to a poor alignment
of the Y123 crystallites, the source current of the multimeter used for the
resistance measurements, creates a current density j higher than jc and the
sample shows a semiconducting behavior.
From the presence of several additional peaks in the ω-2ϑ scans it can be
concluded that all ﬁlms contain other phases in additon to Y123, or they con-
tain non-c-axis oriented Y123 domains. The ω-2ϑ scan in Fig. 6.3 (a) shows
additional peaks at 2ϑ=25.6◦, 32.7◦, 47.3◦, 58.4◦, and 68.6◦, the scan in Fig.
6.3 (b) at 2ϑ=25.6◦ and 32.7◦. Also, the diﬀractograms of the superconducting
samples exhibit additional peaks at 2ϑ=20.6◦, 32.7◦, 41.8◦ (Fig. 6.4 (a)) and
49.6◦ and 58.3◦ (Fig. 6.4 (b)). Some (but not all) of these additional peaks
can be explained by assuming the presence of a non-oriented Y123 phase. For
example the peaks at 2ϑ=32.7◦ could be the sum of the (103), (013), and
(110) reﬂections, all of which belong to the strongest reﬂections of Y123. To
investigate the presence of non-oriented Y123 and to search for other possible
phases with epitaxial orientations, area scans of the high-symmetry reciprocal
a∗c∗-plane were taken. This plane contains the (h0l) reﬂections of the sub-
strate and of c- and a-axis oriented Y123. Any reﬂection of non-oriented Y123
appears as an arc in an area scan, provided that its intensity is high enough.
(Area scans were carried out with rather low counting times. Therefore, only
strong reﬂections are visible.) Fig. 6.6 (a) shows the area scans of the su-
perconducting sample on SrTiO3 and Fig. 6.6 (b) of the non-superconducting
sample on LaAlO3. The area scans of both non-superconducting samples show
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Figure 6.6: Area scans of superconducting Y123 on SrTiO3 (001) (a) and
of non-superconducting Y123 on LaAlO3 (001) (b). The scan ranges for (a)
are: 2ϑ∈[6◦; 58◦], ψ∈[-4◦; 60◦], for (b): 2ϑ∈[6◦; 60◦], ψ∈[-4◦; 60◦]. In (a)
the smeared out peaks of aluminum stem from the sample support that was
exposed to the primary x-ray beam at low ψ angles. The smeared out Y123-
(110) peak in (b) is a strong indication for the presence of unoriented Y123 in
this sample.
the smeared-out peak of Y123-(110), while the scans of the superconducting
samples show this arc only very weakly. This ﬁnding indicates that the non-
superconducting samples contain a comparatively higher amount of unoriented
Y123 than the superconducting samples, which is in agreement with the obser-
vation, that the additional peaks in the diﬀractograms of the superconducting
samples are signiﬁcantly weaker. There are no signs of any additional spot-
like peaks in any of the scans, which would be indicative of another epitaxially
grown phase.
To summarize the results of the x-ray analyses of the four samples: 1.
The oxygen content x of the YBa2Cu3Ox phase is likely to be suﬃciently
high in all investigated samples. 2. All samples consist mainly of c-axis ori-
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ented Y123. In one of the non-superconducting samples, however, also a
small amount of a-axis oriented Y123 is present. 3. The epitaxial alignment
of the c-axis oriented Y123 is better in the superconducting samples than
in the non-superconducting ones. 4. All samples contain non-oriented Y123
and/or other phases, which is more signiﬁcant for the non-superconducting
samples. Furthermore, the SEM images reveal a much higher porosity of the
non-superconducting samples as compared to the superconducting ones. And
ﬁnally, the SEM images show that for the superconducting samples the addi-
tional phase is to some extend located at the surface of the ﬁlm, while for the
non-superconducting ﬁlms the larger amount of contaminant phase is presum-
ably incorporated in the ﬁlm. None of the individual diﬀerences is very big.
It may therefore well be that only the combination of various imperfections
determines the diﬀerent conductance behavior of the two sample types. In
any case it is likely that, for several reasons, the geometrical diameter of the
electrical current path is smaller in the non-superconducting samples. In ad-
dition, the critical current density may be reduced due to a poorer alignment
of the Y123 crystals. Both eﬀects reduce the critical current of the sample
and can reduce it to an extent where the conductance behaviour cannot be





As explained in Sec. 6.1, a critical temperature Tc above the boiling point
of liquid nitrogen is desirable for practical applications of high-temperature
superconducting ﬁlms. From the group of high-Tc superconductors matching
this requirement, Bi2Sr2CaCu2Ox, x∈[8; 9] (Bi2212) is one of the best studied
compounds. Within the range of the oxygen content, the optimum oxygena-
tion yields a critical temperature Tc of 85K. For higher or lower values for
x, Tc gradually decreases to values of approx. 54K [83]. Unlike Y123, how-
ever, Bi2212 is a superconductor for the entire x-range and does not become
semiconducting or insulating for non-optimal oxygen contents.
Thin ﬁlms of Bi2212 have been grown by pulsed laser deposition [84], by
chemical vapour deposition [85], by solution deposition from PMAA solutions
[18] or molten KCl [86], by magnetron sputtering [87], or by a sol-gel process
[7].
7.2 Precursor Preparation
Bi(NO3)3·5H2O, Sr(NO3)2, Ca(NO3)2·4H2O, and Cu(NO3)2·2.5H2O were dis-
solved in the stoichiometric ratio 2:2:1:2 in DMF or 2-methoxyethanol. PMAA
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(commercial or selfmade) or PAA was added, yielding clear blue or green so-
lutions. With the nitrates:polymer weight ratio of 0.6667:1, the molar ratio
2Bi+2Sr+Ca+2Cu to carboxylic groups was 0.0229:1. The ratio of positive
charges from Bi3+, Sr2+, Ca2+, and Cu2+ to carboxylic groups was therefore
16 times higher: 0.3670:1.
Precursor solutions were made with low- and high-purity nitrates of Bi,
Sr, and Cu. The superconducting ﬁlms obtained from the diﬀerent precursors
have similar critical temperatures. Critical current densities were, however,
only measured for the samples made from the high-purity precursor solutions.
7.3 Film Preparation
As explained in Sec. 2.8, high-Tc superconducting ﬁlms have to be grown epi-
taxially c-axis oriented to obtain high critical current densities jc. Therefore,
SrTiO3 and LaAlO3 (001) substrates were used for Bi2212 ﬁlms. They were
cleaned as described in Sec. 2.41 and ﬁlms were made by spin-casting with
3,000-4,000 r.p.m. After drying on a hot-stage, the samples were heated in an
air ﬂow to 820-860 ◦C.
In analogy to the calculations made for ZnO (Sec. 4.3.2), the shrinkage of
the Bi2212 precursor ﬁlm can be calculated. The thickness of the Bi2212 ﬁlm
should amount 4.8% of the thickness of the precursor ﬁlm.
Figure 7.1: SEM image of a ca. 100 nm thick Bi2212 ﬁlm on SrTiO3 (001).
1Alternatively, some substrates were cleaned by heating in air to 900 ◦C for several hours.
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7.4 X-ray Analysis
Fig. 7.1 shows the SEM image of a Bi2212 ﬁlm on SrTiO3 (001). The ﬁlm sur-
face has ﬂat smooth terraces with diameters between 100 and 1000 nm. The
edges run roughly in four diﬀerent directions that form mutual angles of 45◦
and 90◦. Two of these directions are parallel to the edges of the substrate, i.e.
to the substrate [100] and [010] direction, which become visible at low magniﬁ-
cations of the SEM. This is a ﬁrst indication for the epitaxial alignment of the
ﬁlm phase. To investigate this phase more closely, ω-2ϑ scans were taken. Fig.
7.2 shows the ω-2ϑ scans of two Bi2212 ﬁlms on SrTiO3 (001) substrates. Both
diﬀractograms show mainly the (00l) peaks of Bi2212 and SrTiO3. In Fig. 7.2
(b), however, also the peaks of Bi2Sr2CuOx (Bi2201) are present. In addition,
the diﬀractogram also shows unidentiﬁed low-intensity peaks. The appearance
of Bi2201 in the second sample is probably a consequence of the somewhat
deviating stoichiometric composition of the precursor. It is remarkable that
the presence of a large amount of a secondary phase does not inﬂuence the
superconducting properties of the sample in terms of the critical temperar-
ture, as is described below (Sec. 7.6). From the observation that the ω-2ϑ
scans show only (00l) peaks it can be concluded that both Bi2212 and Bi2201
were c-axis oriented. The c lattice parameters of the obtained phases in the
two examined samples were determined from the angular position of the (00l)
peaks in the ω-2ϑ scans. For Bi2212 they are 30.76(1) A˚ and 30.70(6) A˚ in
sample 1 and sample 2, respectively. For Bi2201 c=24.40(1) A˚.
The lattice parameters a and b of Bi2212 and Bi2201 are approximately by
a factor
√
2 larger than aSrTiO3. Therefore, the in-plane orientation of c-axis
oriented Bi2212 (and Bi2201) is a cube-on-cube orientation, where aBi2212 and
aBi2201 are parallel to the [110] and [1¯10] directions of SrTiO3 or LaAlO3, as
depicted in Fig. 2.2. To verify the expected in-plane orientation of the Bi2212
ﬁlms of this work, texture scans of the Bi2212 {115} reﬂections were taken. Us-
ing the substrate (101) and (002) reﬂections, the samples were aligned on the 4-
circle-diﬀractometer such that at ϕ=0◦ the substrate [100] direction was in the
plane of diﬀraction. The {115} reﬂections are among the strongest of Bi2212
and do not coincide with any substrate reﬂections in terms of the d-value. The
(115) direction and the c-axis include an angle of 58.07◦ in Bi2212. Therefore,
in the {115} texture scan of c-axis oriented Bi2212, the {115} reﬂections ap-
pear at an inclination angle ψ=58.07◦. In the case of cube-on-cube growth, the



































Figure 7.2: ω-2ϑ scans of Bi2212 ﬁlms on SrTiO3 (001). In (a) only (00l) peaks
of Bi2212 and SrTiO3 are visible. In (b) additional (00l) peaks of Bi2201 and
unidentiﬁed peaks are present.
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Figure 7.3: {115} texture scan of a Bi2212
ﬁlm on SrTiO3 (001).
four peaks appear at the rota-
tional positions ϕ=0◦, 90◦, 180◦,
and 270◦. This is the case
for the texture scan of sam-
ple 2, which is shown in Fig.
7.3. Similarly to a-axis oriented
Y123 (Sec. 6.4), where the cY123-
axis is parallel to the substrate
[100] or [010] directions (because
3·aSrTiO3≈cY123), Bi2212 domains
could exist with cBi2212 parallel
to the substrate [100] or [010] di-
rection (cBi2212≈8·aSrTiO3). Two
out-of-plane orientations for these
hypothetical Bi2212 domains are
likely: 1. a (or b) along the sur-
face normal. 2. a+b along the
surface normal, which would be
epitaxially more favourable, since√
2·aBi2212≈2·aSrTiO3. In the {115} texture scan, the peaks of the ﬁrst hypo-
thetical domain would appear at ψ=90◦-58.07◦=31.93◦ and ϕ=0◦, 90◦, 180◦,
and 270◦.
Figure 7.4: Crystal faces of a Bi2212
crystal grown with a cube-on-cube
orientation on SrTiO3 (001).
The peaks of the second do-
main would appear at ϕ=53.13◦ and
ϕ=0◦±48.60◦, 90◦±48.60◦, 180◦±48.60◦,
and 270◦±48.60◦. As in Fig. 7.3, none
of the {115} texture scans made in this
work showed any signs of peaks at these
predicted positions.
Once the epitaxial in-plane orienta-
tion of the Bi2212 crystallites is con-
ﬁrmed by the texture scans, the crystal
faces in Fig. 7.1 can be indexed. A sin-
gle Bi2212 crystal on a slightly bigger
SrTiO3 (001) substrate is schematically
shown in Fig. 7.4. The top face, which
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is visible in the SEM images (Fig. 7.1 is the (001) face (pedion). The four
diﬀerent directions of the edges are formed by the (001) face and one of the
following eight faces: {100} macropinacoid ((100) and (1¯00)); {010} brachy-
pinacoid ((010) and (01¯0)); {110} unit prism ((110), (1¯10), (11¯0), and (1¯1¯0)).
These eight faces are normal to the ﬁlm plane and therefore not visible in a
top-view SEM image.
As the critical current density strongly depends on the epitaxial alignment
of the individiual crystallites (Sec. 2.8), rocking curves of the Bi2212 and
SrTiO3 (00l) reﬂections of sample 1 and 2 were taken to quantify the out-of-
plane alignment of the Bi2212 phase. The FWHMs of the SrTiO3 (001) and
(002) peaks were in the range between 0.5◦ and 0.8◦. For the rocking curves of
the ﬁlm peaks, on the other hand, the angular spread ranged from 0.6◦ to 1.1◦.
The mosaic spread of the ﬁlms was slightly higher than that of the substrate,
in contrast to previous reports of equal mosaic spreads of ﬁlm and substrate
[86] (with FWHMs of 0.25◦). The in-plane alignment can be quantiﬁed by the
radial peak widths of the texture scans. For sample 1 and 2 they amount to
1.0◦-1.2◦, which is larger than the value found by Mare´chal et al. [84] (0.6◦).
To investigate the in-plane orientation of the Bi2201 domain in sample 2,
an area scan of the SrTiO3 a∗c∗-plane was taken, which is shown in Fig. 7.5
(a). All peaks could be identiﬁed as (h0l) reﬂections of SrTiO3 or as (hhl) re-
ﬂections of Bi2212 or Bi2201. Thereby, the in-plane orientation of Bi2201 was
conﬁrmed to be identical to the orientation of Bi2212, i.e. aBi2201‖[110]SrTiO3
or [1¯10]SrTiO3. Since the investigated reciprocal lattice plane is a high symme-
try plane for SrTiO3, any epitaxially grown phase is likely to show reﬂections
in this reciprocal lattice plane. In the scan in Fig. 7.5 (a) there are no traces
of sharp peaks other than the identiﬁed ones. It is thus very unlikely that a
large amount of a phase other than Bi2212 or Bi2201 has grown epitaxially,
either in sample 2 or in any other examined sample.
7.5 Superstructure of Bi2212
An area scan of the reciprocal lattice plane SrTiO3 (110)c∗ of a third sample
was also taken (Fig. 7.5 (b)). All strong peaks in the scan could be inden-
tiﬁed as (hhl) peaks of SrTiO3 and (h0l) peaks of Bi2212, for even values of
h. However, as indicated by the arrows in Fig. 7.5 (b), some of the Bi2212
peaks are surrounded by up to four weak peaks. These satellite peaks, to-


















Figure 7.5: Area scans of two reciprocal lattice planes of Bi2212. In (a)
the SrTiO3 a∗c∗-plane of sample 2 was scanned (2ϑ∈[10◦; 50◦], ψ∈[0◦; 76◦]).
In (b) the SrTiO3 (110)c∗-plane of sample 3 was investigated (2ϑ∈[5◦; 75◦],
ψ∈[-5◦; 70◦]). The white arrows indicate satellite peaks stemming from the
superstructure of Bi2212.
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gether with the main peaks of Bi2212, form corner-shared rhombs along the
c∗Bi2212-axis. Due to the elongated shape of the peaks, the vertical spacing
of the satellite peaks cannot be measured very precisely. It is on the order
of 2c∗, indicating a periodicity of ca. 30 A˚ along aBi2212 and/or bBi2212. Simi-
lar satellite peaks have been reported by Hazen et al. [88] from TEM images
of Bi2212 crystals. The satellite peaks stem from a superstructure along the
b-axis, due to an incomensurate modulation of the metal ion positions. The
periodicty of the superstructure is 4.5b-5b [89, 90]. The fourfold rotational
symmetry of the substrate surface leads to the presence of two domains of
c-axis oriented Bi2212, with aBi2212 either along SrTiO3 [110] or [1¯10]. The
area scan in Fig. 7.5 (b) shows therefore not only the Bi2212 (h0l) reﬂections,
but also the coinciding (0hl) reﬂections and their satellite peaks.
Figure 7.6: Texture scan of the Bi2212 {115} reﬂections of sample 3. The
arrows indicate the satellite peaks surrounding three of the main peaks.
The satellite peaks are also visible in the {115} texture scans, e.g. in Fig.
7.3. Because they are rather smeared out in reciprocal space, they can be
discerned in these scans, despite the fact that their d-value is not exactly the
same as of Bi2212 {115}. The four {115} peaks are surrounded by pairs of
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Figure 7.7: Resistance versus temperaure plots of sample 1 (left axis, cir-
cles) and sample 2 (right axis, hearts). The critical temperatures, deﬁned by
the inﬂection point of the curve, are 81.6K and 80.8K for sample 1 and 2,
respectively.
satellite peaks at ψ≈49.5◦. Their positions in ϕ are approx. 0◦±6.5◦, 90◦±6.5◦,
100◦±6.5◦, and 270◦±6.5◦. Fig. 7.6 shows the Bi2212 {115} texture scan of
sample 3. The satellite peaks are indicated by arrows.
7.6 Critical Temperatures
The critical temperatures of the Bi2212 ﬁlms were determined by resistance
measurements as described in Sec. 3.3. Fig. 7.7 shows the resistance versus
temperature curves of sample 1 and 2. The values for Tc of Bi2212 ﬁlms
measured in this work ranged from 0K to approx. 85K.
7.7 Critical Current Densities
Critical current densities jc were measured for two samples, numbered 4 and
5. This was done by transport measurements (Sec. 3.4.1) in the following
way: A narrow conductance bridge that connects two broader contact pads
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was etched into the ﬁlm by means of photolithography. The ﬁlm was coated
with a photoresist, a photomask with the corresponding structure was placed
onto the sample and the resist was partially exposed to UV light. The resist
was developed and the non-exposed parts were washed oﬀ. The remaining
part of the resist, in the shape of the conductance bridge and the contact
pads, covered the underlying Bi2212 ﬁlm. The sample was immersed into
phosphoric acid for several seconds and the non-covered areas of the Bi2212
ﬁlm were etched away. Subsequent dissolution of the remaining photoresist
exposed the underlying Bi2212 ﬁlm. Two contacts (source and sense contact)
were glued onto each of the pads and the critical current Ic through the bridge
was measured as a function of temperature. The critical current was deﬁned
as the current, at which a ﬁnite voltage (10µV) on the sense contacts was
measured. The length of the conductance bridges was 100µm and 1000 µm
for sample 4 and 5, respectively. The height of the bridges was approx. 130 nm
and 180 nm and their width was 20µm and 200 µm, respectively. The critical
current density jc is the critical current Ic divided by the cross-sectional area
of the conductance bridge, height multiplied by width. The results of the jc
measurements are shown in Fig. 7.8.
For sample 5, jc was additionally measured at the edge of an etched con-
tact pad by the magneto-optical technique (Sec. 3.4.2). The results for three
diﬀerent temperatures and three diﬀerent external magnetic ﬂux densities are
given in Fig. 7.8 in comparison to the results of the transport measurements.
The fact that the values of the magneto-optical measurements are higher than
those of the transport measurements can be explained in the following way.
The magnetooptical method locally determines the critical current density (i.e.
at the location of a chosen line proﬁle), while the transport method measures
the current density of a larger volume (the conductance bridge), which is likely
to contain macroscopic defects such as pores or maloriented grains. Those de-
fects reduce the eﬀective cross-sectional area of the conductance bridge to a
value lower than the geometrical cross-section. It is therefore likely that the
calculated value of jc, calculated using the geometrical cross-sectional area,
is lower than the real value. For epitaxial Bi2212 ﬁlms on MgO (001) single
crystals, jc has been found to be as high as 105 A/cm2 at 10K [91], for polycrys-
talline thick ﬁlms (20µm) at the same temperature, a value of 2·105 A/cm2
was reported [92]. Both values are on the same order of magnitude as the
values measured for samples 4 and 5.
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Figure 7.8: jc as a function of temperature for two Bi2212 ﬁlms on SrTiO3
(001).
For technical applications high values of both Tc and jc are desirable. The
unpatterned Bi2212 ﬁlms produced in this work have Tc-values higher than
the boiling temperature of liquid nitrogen and they have jc-values that are
comparable to the best ﬁlms made by technically more complicated methods.
The production of Bi2212 ﬁlms by the solution deposition is therefore an
interesting alternative to the conventional methods.
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CHAPTER 8
Patterned Films of Bi2Sr2CaCu2Ox
8.1 Introduction
The fact that high-Tc superconducting ﬁlms conduct electric currents with-
out energy loss (provided the critical current density is not exceeded), makes
them attractive for certain electronic applications. For example, ohmic re-
sistivity of the semiconducting wires in ICs creates energy losses in the form
of heat. The constant increase of the circuit density in ICs leads also to an
increasing problem of dissipating this undesired heat. By replacing part of the
semiconductive material by a superconductor, the problem could be reduced.
This requires, however, the ability to pattern the superconductive material,
namely to create thin line structures. Chemical etching in combination with
a photolithographic mask is certainly the most established method and was
also used in this work to create lines for the measurements of jc (Sec. 3.4).
This method, however, involves several steps and the line density is limited
by the resolution of the photolithographic equipment. Alternatively, the un-
patterned superconductor ﬁlm can be locally exposed to an ion beam. The
etching rates of the ion implanted regions in phosphoric acid are higher than
of the non-exposed regions. By this procedure, 5µm wide lines of Y123 have
been formed [93]. Other techniques make use of a patterned template of Si
or SiO2 deposited onto the substrate prior to the deposition of the supercon-
ductor [94, 95]. All these techniques, however, require various steps and the
usage of high-tech equipment. Micromoulding, on the other hand, is a low-tech
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patterning method that can be carried out in practically any laboratory.
Besides the challenge to create line patterns, various other issues will have
to be solved to incorporate superconductors into ICs. A way had to be found to
combine the conventional semiconductor processing methods, based on silicon,
with the substrate materials required for epitaxial superconducting ﬁlms, such
as SrTiO3. One possible solution would be the growth of an intermediate
insulator layer, such as epitaxial SrO [96] or SrTiO3 [97], on the surface of Si
(001). This SrTiO3 layer could serve as a substrate for the superconducting
ﬁlm. In this work, patters of parallel Bi2212 lines were manufactured on
SrTiO3 single crystals by micromoulding.
8.2 Film Preparation
The substrates were cleaned as described in Sec. 2.4 and a drop of the precursor
solution was placed on top. A line patterned PDMS stamp was pressed into
the solution for 1 to 60 minutes. During this time, the sample was placed on
a hot stage set to 80 ◦C to solidify the precursor. After the PDMS stamp was
carefully removed, the patterned precursor ﬁlm was heated the same way as
the unpatterned ﬁlms (Sec. 7).
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Figure 8.1: Patterned Bi2201 ﬁlm on
SrTiO3 (001).
The size of the pattern area of the
PDMS stamps was 5×5mm2. Fig.
8.1 shows a patterned ﬁlm, obtained
with a stamping time of 50min.
Almost the entire 5×5mm2 of the
stamp pattern are reproduced.
SEM images shown in Fig. 8.2
reveal that the lines are fully seper-
ated from each other, i.e. no layer of
ﬁlm material has spread between the
lines. An ω-2ϑ scan of the sample,
however, reveals that the ﬁlm con-
sisted mainly of Bi2201. Before and
after the manufacture of this sample,
the precursor solution has been used
to grow unpatterned Bi2212 ﬁlms
that were superconductive. There-
fore, it can be concluded that the
long stamping time of the precursor has a negative eﬀect on the growth of the
oxidic phase. One possible explanation is that a chemical reaction between
precursor and PDMS takes place, leading to a change in the stoichiometry of
the precursor.
Various shorter stamping times were tested. The results were, however,
inconsistent and irreproducible. Samples prepared simultaneously from the
very ﬁrst step of substrate cleaning to the last step of calcination showed
diﬀerent results, one was superconductive (with Tc≈75K), the other one not.
At this early stage of the development it can only be concluded that too long
patterning times yield high-ﬁdelity patterns of the wrong phase, while too
short times yield poorly developped patterns of Bi2212 with rather high Tc.
The few experiments carried out so far indicate, however, that the optimum
stamping time is around 30min. Fig. 8.3 shows a line patterned Bi2212 ﬁlm
on SrTiO3 (001) with this stamping time, which is in fact the ﬁlm of sample
3 in Sec. 7. The SEM image in Fig. 8.3 (b) shows isolated lines of epitaxially
grown crystallites. Between the individual lines, a very thin layer of unknow
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Figure 8.2: Line patterns of Bi2201 ((a) to (c)) and Bi2212 (d) on SrTiO3
(001), imaged by light microscopy (a) and SEM ((b) to (d)). (a) to (c) show
a high-ﬁdelity replication of the stamp pattern, obtained by 50min stamping
time. The periodicity of the pattern is a=1.68(1) µm, the thickness of the
lines is d≈0.16µm. (d) shows a poor replication, obtained by 30min stamping
time.
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Figure 8.3: Line pattern of Bi2212, imaged by light microscopy (a) and SEM
(b). Clearly the epitaxial orientation of the crystallites can be recognized
by the four directions of the crystal edges. The pattern parameters are:
a=2.22(5) µm, d≈0.44µm. The sample shows a transition to superconduc-
tivity with an onset at ca. 90K. Unfortunately, the cryostat did not permit to
cool below 75K (c).
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composition can be seen. The area patterned with this high ﬁdelity amounted
a few square millimeters. The resistance versus temperature curve of the
lines was measured the following way. Under the optical microscope, two
scratches were made into the ﬁlm using a preparation needle. They ranged
from the limits of the well-patterned area to the edges of the substrate and
ran perpendicular to the line direction, as indicated by the inset of Fig. 8.3
(c). The resistance of a group of several hundred lines was measured in the
two point mode (Fig. 3.8 (c)) in the self-made cryostat. The sample shows
clearly the transition to the superconducting state (with an onset temperature
of approx. 90K). Unfortunately, the superconducting state was not reached
because the plateau of zero resistance of the sample was slightly below the
minimum temperature of the cryostat. Nevertheless, this sample shows that
it is possible to create patterned thin ﬁlms of Bi2212 by micromoulding while
keeping the high-Tc superconducting behavior of the phase. For technical
applications it will be necessary to improve the quality of the pattern, i.e. to
remove the interconnecting layer between the lines. This could be done by
optimizing the stamping conditions, e.g. the stamping time, the force or the
temperature. Another possibility is to etch away the layer after calcination,




Ceramic thin ﬁlms were made from a polymer precursor solution. Films of
Bi2Sr2CaCu2Ox, YBa2Cu3Ox, and PbTiO3 were grown epitaxially on single
crystal substrates. By various x-ray diﬀraction techniques it was shown for
the ﬁrst time that the in-plane orientation of the ﬁlms is the same as that
of ﬁlms grown by other methods like laser ablation or magnetron sputtering.
The epitaxial alignment of Bi2Sr2CaCu2Ox ﬁlms was as good as that of ﬁlms
grown by any other technique.
Furthermore, I demonstrated that ceramic ﬁlms from a precursor solution
can be patterned in a technologically simple manner, that is by micromould-
ing the precursor ﬁlm. The combination of a low-tech growth technique and
a low-tech patterning method yielded patterned ceramic ﬁlms with very small
pattern dimensions. In the case of line-patterned Bi2Sr2CaCu2Ox ﬁlms the
patterning neither aﬀects the epitaxy of the ﬁlm (which is crucial for its func-
tionality) nor the superconductivity.
Line and column patterns with pattern dimensions in the submicrometer
range have been produced in thin ﬁlms of a variety of materials, such as high-Tc
superconductors, semiconductors, ferroelectrics, piezoelectrics, and dielectrics.
This demonstrates that the applied ﬁlm growth technique is very universal.
The recipe described by von Lampe et al. for high-Tc superconductors was
applied to the other materials without major modiﬁcations. Preliminary ex-
periments have indicated that also TiO2 (rutile and anatase) and SrTiO3 ﬁlms
can be grown this way.
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Chapter 4 describes the solution deposition of Al2O3 and ZnO ﬁlms. The
obtained Al2O3 ﬁlms are amorphous and undergo a phase transition upon
electron irradiation. Films of crystalline ZnO and aluminum-doped ZnO show
indications of a preferential c-axis orientation, which are also reported in the
literature but found to be misleading. Instead, it is likely that powder diﬀrac-
tograms of ZnO ﬁlms diﬀer from diﬀractograms of ZnO bulk powder in terms
of intensity ratios. The reason for this ﬁnding, however, is unclear. It was
also demonstrated that patterned ﬁlms of Al2O3 and ZnO can be obtained by
micromoulding the precursor ﬁlm.
Chapter 5 describes the manufacturing of PbTiO3, which was grown non-
epitaxially on Si wafers and epitaxially on SrTiO3 single crystal substrates.
As in the preceeding chapter, the possibility to grow patterned ﬁlms by micro-
moulding the precursor ﬁlm was demonstrated. In addition, the orientation
of the epitaxial ﬁlms was determined.
Chapter 6 compares two superconducting and two non-superconducting
YBa2Cu3Ox ﬁlms in terms of their oxygen content, their epitaxial alignment
and their purity. The combination of number of small diﬀerences between
ﬁlms of the two groups leads to the fundamental diﬀerence in conductivity
that distinguishes the two sample groups.
Chapter 7 describes the deposition of Bi2Sr2CaCu2Ox ﬁlms. The quality
of the epitaxial alignment of the crystallites was studied for the ﬁrst time for
solution deposited ﬁlms. The best ﬁlms obtained in this work have a similar
quality of alignment as ﬁlms grown by conventional vacuum based methods.
Satellite peaks resulting from the superstructure of Bi2Sr2CaCu2Ox were found
in texture and area scans taken of the ﬁlms. The critical temperatures were
measured for several samples. For the best samples Tc was a few degrees below
the maximum value of 85K. For two samples, the critical current density was
measured and found to be comparable with conventionally manufactured ﬁlms
of Bi2Sr2CaCu2Ox.
Finally, chapter 8 describes the patterning process of Bi2Sr2CaCu2Ox ﬁlms.
It was demonstrated that also the patterned ﬁlms have grown epitaxially and
that the patterning process does not necessarilly aﬀect the functionality of the
ﬁlms.
The growth method of polymer precursor solution deposition was found to
be rather universal in terms of materials that can be produced, but for each
phase the optimal growth parameters have to be found. This is not yet the
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case for all the systems investigated in this work and will require more detailed
studies.
I expect that the technique can also be applied for other classes of mate-
rials, e.g. for ferromagnetic oxides, which are used for data storage. It even
seems possible to grow non-oxidic ceramics, such as semiconducting GaN,
which could be generated by changing from an air atmosphere to a nitrogen
atmosphere during the high-temperature step of the synthesis.
The growth method that was used in this work makes use of metal nitrates
to produce a precursor solution. However, several metals are not commercially
available as nitrates but e.g. as alkoxides or carboxylates, which are used in
sol-gel growth processes. For example, tin nitrate is a rather exotic compound,
while tin acetate is easily available. The unavailability of certain nitrates limits
the number of ceramic phases that can be grown by the deposition technique
described in this work. It seems, however, likely that replacing tin nitrate
by tin acetate in the recipe can yield precursor solutions for tin containing
ceramics, such as indium tin oxide (ITO).
The patterning method which was used in this work was micromoulding,
which requires a PDMS stamp and a hot stage. Other patterning methods
might be applicable: the formation of a height pattern in an electric ﬁeld
underneath a patterned or unpatterned electrode, or the formation of a phase
pattern due to phase separation of a binary polymer blend, either on a laterally
homogenous substrate surface or on a surface where the surface energy has
been locally modiﬁed.
The combination of two low-tech processes made it possible to create sub-
micrometer patterns of several functional materials in the normal lab envi-
ronment. It is likely that this manufacturing route can be applied to various
other ceramic materials.
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CHAPTER 10
Samenvatting en Vooruitblik
Keramische dunne ﬁlms werden gegroeid uit een polymeeroplossing. Films
van Bi2Sr2CaCu2Ox, YBa2Cu3Ox en PbTiO3 zijn epitaxiaal op eenkristalsub-
straten gegroeid. Met behulp van verschillende ro¨ntgendiﬀractietechnieken
werd voor de eerste keer aangetoond dat de in-plane-orie¨ntatie van de ﬁlms
dezelfde is als die van ﬁlms die met behulp van andere technieken, zoals laser
ablation of magnetron sputtering, gegroeid zijn. De epitaxiale uitlijning van
Bi2Sr2CaCu2Ox-ﬁlms was net zo goed als die van ﬁlms die met behulp van
andere technieken gegroeid zijn.
Verder heb ik aangetoond dat keramische ﬁlms uit een precursor-oplossing
op een technologisch eenvoudige manier kunnen worden gestructureerd, name-
lijk door micromoulding van de precursor-ﬁlm. De combinatie van een tech-
nologisch eenvoudige groeitechniek enerzijds en een technologisch eenvoudige
structureringsmethode anderzijds leverde gestructureerde keramische ﬁlms op
met zeer kleine structuurafmetingen. In het geval van Bi2Sr2CaCu2Ox-ﬁlms
met lijnstructuren be¨ınvloedt de structurering noch de epitaxie (welke cruciaal
is voor de functionaliteit) noch de supergeleiding.
Lijn- en kolomstructuren met structuurafmetingen op de submicrometer-
schaal zijn geproduceerd in dunne ﬁlms van diverse materialen, zoals hogetem-
peratuursupergeleiders, halfgeleiders, ferroelektrika, pie¨zoelektrika en die¨lek-
trika. Dit laat zien dat de toegepaste groeitechniek vrij universeel is. Het
door von Lampe beschreven voorschrift voor hogetemperatuursupergeleiders
werd zonder noemenswaardige veranderingen toegepast op andere materialen.
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Eerste experimenten hebben aangetoond dat ook TiO2- (rutiel en anataas) en
SrTiO3-ﬁlms op deze manier kunnen worden gegroeid.
Hoofdstuk 4 beschrijft de solution deposition van Al2O3- and ZnO-ﬁlms.
De verkregen Al2O3-ﬁlms zijn amorf en ondergaan een faseverandering door
elektronenbestraling. Films van kristallijn ZnO en aluminiumgedoteerd ZnO
vertonen aanwijzingen voor een voorkeursorie¨ntatie van de c-as, die in de
literatuur beschreven staan maar misleidend zijn. In plaats daarvan is het
waarschijnlijk dat poederdiﬀractogrammen van ZnO-ﬁlms verschillen van dif-
fractogrammen van ZnO bulk betreﬀend de intensiteitsverhoudingen. De
reden voor deze observatie is echter onduidelijk. Er werd aangetoond dat
gestructureerde Al2O3- en ZnO-ﬁlms kunnen worden verkregen door micro-
moulding van de precursor-ﬁlm.
Hoofdstuk 5 laat de bereiding van PbTiO3 zien, hetgeen niet-epitaxiaal
op Si-wafers en epitaxiaal op SrTiO3-eenkristalsubstraten werd gegroeid. Net
zoals in het voorgaande hoofdstuk is de mogelijkheid aangetoond om gestruc-
tureerde ﬁlms te groeien met behulp van micromoulding van de precursor-ﬁlm.
Bovendien is de orie¨ntatie van de epitaxiale ﬁlms bepaald.
In hoofdstuk 6 worden twee supergeleidende en twee niet-supergeleidende
YBa2Cu3Ox-ﬁlms vergeleken op hun zuurstofgehalte, hun epitaxiale uitlijning
en hun zuiverheid. De combinatie van meerdere kleine verschillen tussen ﬁlms
van de twee groepen leidt tot een fundamenteel verschil in geleiding dat de
monstergroepen onderscheidt.
Hoofdstuk 7 beschrijft de depositie van Bi2Sr2CaCu2Ox-ﬁlms. De kwaliteit
van de epitaxiale uitlijning der kristallen werd voor de eerste keer bestudeerd
voor ﬁlms uit solution deposition. De beste verkregen ﬁlms van dit onder-
zoek hebben dezelfde kwaliteit qua uitlijning als ﬁlms verkregen uit conven-
tionele vacuu¨mmethoden. Satellietpieken resulterend van de superstructuur
van Bi2Sr2CaCu2Ox werden gevonden in texture en area scans gemaakt van
de ﬁlms. De kritische temperaturen werden gemeten voor verschilende mon-
sters. Voor de beste monsters lag Tc maar een paar graden onder de maximale
waarde van 85 K. Voor twee monsters is de kritische stroomdichtheid gemeten.
Deze bleek vergelijkbaar te zijn met die van conventioneel bereide ﬁlms van
Bi2Sr2CaCu2Ox.
Als laatste beschrijft hoofdstuk 8 het structureringsproces van ﬁlms van
Bi2Sr2CaCu2Ox. Ik heb aangetoond dat ook gestructureerde ﬁlms epitaxi-
aal zijn gegroeid en dat het structureringsproces niet noodzakelijkerwijs de
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functionaliteit van de ﬁlms be¨ınvloedt.
De groeimethode uit een polymeer precursor-oplossing bleek behoorlijk
universeel te zijn wat betreft de materialen die kunnen worden gemaakt, echter
moeten er voor elke fase de optimale groeiparameters worden gevonden. Dit
is nog niet het geval voor alle in dit werk onderzochte systemen. Hiervoor is
gedetailleerder onderzoek nodig.
Ik verwacht dat de techniek ook toegepast kan worden voor andere ma-
teriaalklassen zoals b.v. ferromagnetische oxides, welke gebruikt worden voor
gegevensopslag. Het lijkt zelfs mogelijk om niet-oxidische keramieken te groeien
zoals halfgeleidend GaN, welke gemaakt kunnen worden door de luchtatmos-
feer te veranderen in een stikstofatmosfeer gedurende de hogetemperatuurstap
van de synthese.
De groeimethode die werd gebruikt bij dit onderzoek maakt gebruik van
metaalnitraten om een precursor-oplossing te bereiden. Sommige metalen zijn
echter niet commercieel als nitraten verkrijgbaar maar b.v. als alkoxides of car-
boxylaten, welke gebruikt worden in het sol-gel-groeiprocessen. Tinnitraat b.v.
is een redelijk exotisch component, terwijl tinacetaat gemakkelijk verkrijgbaar
is. De onverkrijgbaarheid van bepaalde nitraten beperkt het aantal keramische
fasen welke gegroeid kunnen worden met de hier beschreven depositietechniek.
Het lijkt echter waarschijnlijk dat het vervangen van tinnitraat door tinacetaat
in het voorschrift precursor-oplossingen voor tin-bevattende keramieken kan
opleveren, zoals indiumtinoxide (ITO).
De structureringsmethode die gebruikt werd bij dit onderzoek was micro-
moulding, welke een PDMS-stempel en een verwarmingsplaat vereist. Ook
andere structureringsmethoden zouden toepasbaar kunnen zijn: Het zich for-
meren van een hoogtepatroon in een elektrisch veld onder een gestructureerde
of ongestructureerde elektrode, of het zich formeren van een fasepatroon door
fasescheiding in een binair polymeermengsel, zowel op een lateraal homogeen
substraatoppervlak als op een oppervlakte waarvan de oppervlakteenergie
lokaal is veranderd.
De combinatie van twee technologisch eenvoudige processen maakt het mo-
gelijk om submicrometerstructuren van verschillende functionele materialen te
maken in de normale laboratoriumomgeving. Het is waarschijnlijk dat dit pro-
ductieproces kan worden toegepast op diverse andere keramische materialen.
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CHAPTER 11
Zusammenfassung und Ausblick
Keramische Du¨nnﬁlme wurden aus einer Polymerprecursorlo¨sung hergestellt.
Filme aus Bi2Sr2CaCu2Ox, YBa2Cu3Ox und PbTiO3 wurden epitaktisch auf
Einkristalsubstraten gezu¨chtet. Mit Hilfe verschiedener Ro¨ntgenbeugungsme-
thoden wurde erstmals nachgewiesen, dass die In-plane-Orientierung der Filme
die gleiche ist wie die von Filmen, welche mit anderen Methoden wie z.B.
Laser ablation oder Magnetron sputtering gezu¨chtet wurden. Die epitaktische
Ausrichtung der Bi2Sr2CaCu2Ox-Filme war ebenso gut wie die von Filmen,
die mit anderen Methoden gezu¨chtet wurden.
Weiterhin habe ich gezeigt, dass keramische Filme aus einer Precursorlo¨-
sung auf eine technisch einfache Weise strukturiert werden ko¨nnen, na¨mlich
mittels Micromoulding des Precursorﬁlms. Die Kombination einer technisch
einfachen Zu¨chtungsmethode und einer technisch einfachen Strukturierungs-
methode lieferte strukturierte keramische Filme mit sehr kleinen Struktur-
gro¨ßen. Im Falle von linienstrukturierten Bi2Sr2CaCu2Ox-Filmen beinﬂusst
die Strukturierung weder die Epitaxie des Films (welche entscheidend ist fu¨r
die Funktionalita¨t), noch die Supraleitung.
Linien- und Sa¨ulenstrukturen mit Strukturgro¨ßen im Sub-Mikrometer-Be-
reich wurden hergestellt in Du¨nnﬁlmen verschiedenster Materialien, wie bei-
spielsweise Hochtemperatursupraleitern, Halbleitern, Ferroelektrika, Piezoelek-
trika und Dielektrika. Dies zeigt, dass die eingesetzte Filmzu¨chtungsmethode
sehr universel ist. Die von von Lampe fu¨r Hochtemperatursupraleiter beschrie-
bene Anleitung wurde ohne nennenswerte A¨nderungen auf andere Materialien
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angewendet. Erste Experimente deuten darauf hin, dass auch TiO2- (Rutil
und Anatas) und SrTiO3-Filme auf dieselbe Weise gezu¨chtet werden ko¨nnen.
Kapitel 4 beschreibt die Solution deposition von Al2O3- und ZnO-Filmen.
Die erhaltenen Al2O3-Filme sind amorf und durchlaufen eine Fasentransfor-
mation bei Elektronenbestrahlung. Filme aus kristalinem ZnO und alumini-
umdotiertem ZnO zeigen Hinweise auf eine bevorzugte c-Achsenorientierung,
welche auch in der Literatur beschrieben sind, sich aber als irrefu¨rend heraus-
stellen. Stattdessen ist es vielmehr wahrscheinlich, dass sich Pulverdiﬀrakto-
gramme von ZnO-Filmen hinsichtlich der Intensita¨tsverha¨ltnisse unterscheiden
von Diﬀraktogrammen von Bulk-ZnO. Die Ursache fu¨r diesen Sachverhalt ist
jedoch unklar. Es wurde ausserdem gezeigt, dass strukturierte Al2O3- und
ZnO-Filme mit Hilfe von Micromoulding, angewandt auf den Precursorﬁlm,
erhalten werden ko¨nnen.
Kapitel 5 beschreibt die Herstellung von PbTiO3, welches nicht-epitaktisch
auf Si-Wafern und epitaktisch auf SrTiO3-Einkristalsubstraten gezu¨chtet wur-
de. Wie bereits im vorhergehenden Kapitel wird die Mo¨glichkeit beschrieben,
mit Hilfe von Micromoulding aus dem Precursorﬁlm strukturierte Filme zu
erhalten.
Kapitel 6 vergleicht zwei nicht-supraleitende und zwei supraleitende Filme
von YBa2Cu3Ox hinsichtlich ihres Sauerstoﬀgehaltes, ihrer epitaktischen Aus-
richtung und ihrer Reinheit. Die Verknu¨pfung zahlreicher kleiner Unterschiede
zwischen den Filmen der beiden Gruppen fu¨hrt zu dem grundsa¨tzlichen Unter-
schied in der Leitfa¨higkeit, der die beiden Probengruppen voneinander trennt.
Kapitel 7 beschreibt die Abscheidung von Bi2Sr2CaCu2Ox-Filmen. Die
Qualita¨t ihrer epitaktischen Ausrichtung wurde erstmals untersucht fu¨r aus ei-
ner Lo¨sung gezu¨chtete Filme. Die besten im Rahmen dieser Arbeit erhaltenen
Filme haben die gleiche Qualita¨t hinsichtlich ihrer Ausrichtung wie Filme, die
mit konventionellen, auf Vakuum basierenden Methoden gezu¨chtet wurden.
Satellitenpeaks, die von einer U¨berstruktur im Bi2Sr2CaCu2Ox herru¨hren,
wurden in Textur- und Areascans der Filme gefunden. Bei mehreren Proben
wurden die kritischen Temperaturen gemessen. Bei den besten Proben lag Tc
nur wenige Grade unterhalb des Maximalwertes von 85 K. Bei zwei Proben
wurde die kritische Stromdichte gemessen. Sie war vergleichbar mit der von
konventionel hergestellten Bi2Sr2CaCu2Ox-Filmen.
Kapitel 8 beschreibt den Strukturierungsprozess der Bi2Sr2CaCu2Ox-Filme.
Es wurde nachgewiesen, dass auch die strukturierten Filme epitaktisch aufge-
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wachsen sind also die Strukturierung nicht notwendigerweise die Funktiona-
lita¨t der Filme beinﬂusst.
Die Zu¨chtungsmethode der Abscheidung aus einer Polymerprecursorlo¨sung
stellte sich als ausgesprochen universel heraus bezu¨glich der Materialien, die
hergestellt werden ko¨nnen, jedoch mu¨ssen fu¨r jede Fase die optimalen Wachs-
tumsparameter gefunden werden. Dies ist bislang noch nicht fu¨r alle im Rah-
men dieser Arbeit betrachteten Systeme geschehen und erfordert weitere, tiefer-
gehende Untersuchungen.
Ich erwarte, dass die Zu¨chtungsmethode auch fu¨r andere Klassen von Ma-
terialien angewandt werden kann, so z.B. ferromagnetische Oxide, die bei der
Datenspeicherung eingesetzt werden. Es scheint selbst mo¨glich, nicht-oxidische
Keramiken wie beispielsweise GaN herzustellen, indem man beim Hochtem-
peraturschritt der Synthese die Luftatmosfa¨re durch eine Stickstoﬀatmosfa¨re
ersetzt.
Die im Rahmen dieser Arbeit eingesetzte Methode verwendet Metallnitra-
te, um eine Precursorlo¨sung herzustellen. Viele Metalle sind jedoch kommerziel
nicht in Form von Nitraten erha¨ltlich, wohl aber als Alkoxide oder Carboxyla-
te, wie sie bei Sol-Gel-Prozessen verwendet werden. Zinnnitrat ist z.B. eine
eher exotische verbindung, wa¨hrend Zinnacetat leicht erha¨ltlich ist. Die Un-
verfu¨gbarheid bestimmter Nitrate begrenzt die Anzahl der keramischen Fasen,
welche mit der hier beschriebenen Methode gezu¨chtet werden ko¨nnen. Es er-
scheint jedoch wahrscheinlich, dass, indem Zinnnitrat durch Zinnacetat ersetzt
wird, ein Precursor fu¨r Zinn-haltige Keramiken erhalten werden kann, wie z.B.
Indium-Zinn-Oxid (ITO, von indium tin oxide).
Die bei dieser Arbei eingetzte Strukturierungsmethode war Micromoul-
ding, welche einen PDMS-Stempel und eine Heizplatte erfordert. Auch an-
dere Strukturierungsmethoden ko¨nnten angewandt werden: Die Entstehung
einer Hhenstruktur in einem elektrischen Feld unter einer strukturierten oder
unstrukturierten Elektrode, oder die Entstehung einer Fasenstruktur in Fol-
ge einer Entmischung einer binairen Polymermischung, sowohl auf einer late-
ral homogenen Substratoberﬂa¨che als auch auf einer Oberﬂa¨che, deren Ober-
ﬂa¨chenenergie lokal vera¨ndert wurde.
Die Verbindung zweier Low-Tech-Prozesse erlaubte es, Sub-Mikrometer-
strukturen in verschiedenen funktionalen Materialien in einer normalen Labor-
umgebung herzustellen. Es ist wahrscheinlich, dass dieser Herstellungsprozess
auf zahlreiche weitere keramische Materialien angewandt werden kann.
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APPENDIX A
Crystal Structures
This appendix contains the descriptions of the room temperature crystal struc-
tures of all substrates (except from glass) and all grown inorganic ﬁlm phases.
The space group is given (complete Hermann-Mauguin symbol and Interna-
tional Tables number) and the lattice parameters (as far as necessary), the
volume V of the unit cell, the number Z of formula units per cell, and the den-
sity D are listed. If a material also exists as a mineral in nature, the mineral
name and additional informations are given.
A.1 SrTiO3
SrTiO3 (or tausonite as a mineral, with hardness 6–6.5 [98]) has a structure
that can be derived from pseudocubic perovskite (CaTiO3). Its space group
is P 4m 3¯
2
m (No. 221). The lattice has a=3.901(1) A˚, V=59.3(5) A˚
3, Z=1 [99],
D=5.118 g/cm3. In Fig. A.1 a single unit cell is depicted. The coordination
polyhedron of the Ti4+ ions is an octahedron, that of the Sr2+ ions is a cu-
booctahedron, as shown in Fig. A.2.
A.2 LaAlO3
LaAlO3 has a crystal structure derived from SrTiO3: La3+ takes the place
of Sr2+ and Al3+ that of Ti4+. The crystal structure is compressed along
the cell diagonal [111] by a factor of 0.9979 compared to cubic SrTiO3. The
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Figure A.1: Single unit cell of SrTiO3. Small, pink sphere: Ti4+, medium-
sized, yellow spheres: Sr2+, big, green spheres: O2−.
Figure A.2: The coordination polyhedron of Sr2+ in SrTiO3 is a cubooctahe-
dron. Light gray sphere: Sr2+, big, dark gray spheres: O2−. The edges of the
unit cell from Fig. A.1 are drawn but all ions of that cell that do not form the
cubooctahedron are left out.
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space group is R 3¯m (No. 160, rhombohedral setting), a=3.789 A˚, α=90.12◦,
V=54.40 A˚3, Z=1 [100, 101], D=5.983 g/cm3. The diﬀerences between the
LaAlO3 and the SrTiO3 unit cell are not visible. In this work, for simplicity,
LaAlO3 is regarded as cubic, which means that no distinction will be made
between e.g. the (001) and the (100) planes.
A.3 Si









m (No. 227), with
a=5.43 A˚, V=160.10 A˚3, Z=8 [36], D=2.33 g/cm3, see Fig. A.3.
Figure A.3: Single unit cell of Si.
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Figure A.4: Single unit cell of γ-Al2O3. Small, yellow spheres: Al3+, big,
green spheres: O2−.
A.4 Al2O3
Al2O3 can crystalize with various crystal structures [102]. The phase ob-
tained in this work was either γ-Al2O3 or η-Al2O3. Both structures can be
derived from the spinel structure (MgAl2O4). γ-Al2O3 has space group F 41d 3¯
2
m
(No. 227), a=7.911(2) A˚, V=495.10(37) A˚3, Z=11 [102], D=3.657 g/cm3. See
Fig. A.4 for a projection of a single unit cell. Note that for the Al3+ ions
(located on three diﬀerent lattice positions) the site occupancy is not 1, but
amounts to 0.58, 0.84, and 0.17 [102]. This means that in 58% (84%, 17%)
of the unit cells a given Al3+ position is actually occupied by an Al3+ ion.
The space group of η-Al2O3 is F 41d 3¯
2
m (No. 227), with a=7.914(2) A˚,
V=495.67(37) A˚3, Z=11 [102], D=3.653 g/cm3. See Fig. A.5 for a projection
of a single unit cell. Note that for the Al3+ ions (located on three diﬀerent
lattice positions) the site occupancy is 0.68, 0.16, and 0.09 [102].
A.4 Al2O3 107
Figure A.5: Single unit cell of η-Al2O3. Small, yellow spheres: Al3+, big,
green spheres: O2−.
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C:Program FilesPowdercellZnO.ps
Figure A.6: Single unit cell of ZnO, viewing direction approx. parallel to a∗.
Small, red spheres: O2−, big, blue spheres: Zn2+.
A.5 ZnO
ZnO (or zinkite as a mineral) is isotypic with β-ZnS (wurtzite). It has space
group P 63mc (No. 186), with a=3.24992(5) A˚, c=5.20658(8) A˚, V=47.625 A˚3,
Z=2 [57, 103], D=5.675 g/cm3. Fig. A.6 shows a single unit cell, as seen
normal to the bc-plane. Fig. A.7 shows a unit cell and the atoms of the
neighbouring cells, i.e. all atoms with coordinates -1≤x≤2 and -1≤y≤2, with
the same viewing direction as Fig. A.6. Fig. A.8 depicts the same constellation
as Fig. A.7, with a viewing direction approx. parallel to c.
Mineralic zinkite is optically positive ⊕ with nE=2.029 and nO=2.013, and
has a hardness H of 4.5 to 5 [104]. For synthetic ZnO and static electric ﬁelds
xy=8.331 and z=9.196 [58].
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Figure A.7: Unit cell of ZnO and neighbouring atoms, viewing direction ap-
prox. parallel to a∗. Small, red spheres: O2−, big, blue spheres: Zn2+.
C:Program FilesPowdercellZnO_3.ps
Figure A.8: Unit cell of ZnO and neighbouring atoms, viewing direction ap-
prox. parallel to c. Small, red spheres: O2−, big, blue spheres: Zn2+.
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A.6 PbTiO3
The crystal structure of PbTiO3 is another derivative of the perovskite struc-
ture: It has space group P 4mm (No. 99), with a=3.902(3) A˚, c=4.156(3) A˚,
V=63.28(8) A˚3, Z=1 [105, 106], D=7.954 g/cm3. Compared with cubic SrTiO3,
PbTiO3 is characterized by an elongation of the unit cell along the c-axis by
a factor of 1.065, see App. A.1. The TiO6 octahedron in the unit cell is more
or less undeformed (strictly speaking it is the combination of two tetragonal
pyramids of slightly diﬀerent heights) but shifted along the c-axis. However,
the displacement of the O2− ions is bigger than the displacement of the Ti4+
ion, leading alltogether to a separation of the two centers of the positive and
negative charges within the unit cell. This results in a permanent dipole of
each unit cell. By applying an electic ﬁeld along c, which results in a small
displacement of the O2− and Ti4+ ions along the ﬁeld, the polarisation direc-
tion of the cell can be reversed. Fig. A.9 shows a single unit cell and the O2−
ion of the next cell above it, in order to depict a complete TiO6 octahedron.
Fig. A.10 shows the same arrangement as Fig. A.9, but more from the front
so that the diﬀerent displacements of the ions along the c-axis become better
visible. Mineralic PbTiO3, or makedonite, has a hardness H of 6.5 [107].
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Figure A.9: Unit cell of PbTiO3 and one additional O2− ion. Small, pink
sphere: Ti4+, middle-sized, blue spheres: Pb2+, big, green spheres: O2−.
Figure A.10: Unit cell of PbTiO3 and one additional O2− ion like in Fig. A.9,
viewing direction approx.‖a. Small, pink sphere: Ti4+, middle-sized, blue
spheres: Pb2+, big, green spheres: O2−.
112 Appendix A. Crystal Structures
A.7 YBa2Cu3Ox
YBa2Cu3Ox (6≤x≤7) has the space group P 2m 2m 2m (No. 47), with lattice pa-
rameters a=3.8227(1) A˚, b=3.8872(2) A˚, c=11.6802(2) A˚, V=173.56(1) A˚3, Z=
1 [71, 108], D=6.402 g/cm3. Since a≈b, the structure is pseudo-tetragonal. In
Fig. A.11 a unit cell and some neighbouring O2− ions are depicted. The CuO-
pyramids, responsible for the superconductivity, are emphasized. Note that,
according to the varying oxygen content, the site occupancy of some of the
O2− ions is less than 1 and that the lattice parameters vary with the oxygen
content. The values given above refer to YBa2Cu3O6.97.
Figure A.11: Unit cell and nearest neighbour O2− ions of Y123.
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A.8 Bi2Sr2CaCu2Ox
Bi2Sr2CaCu2Ox has a crystal structure with an incommensurate modulation
along the b-axis [109]. While in a non-modulated structure a diﬀraction
vector is given by h·a∗+k·b∗+l·c∗, for a modulated structure it is given by
h·a∗+k·b∗+l·c∗+m·q, with the modulation vector q≈0.21·b∗ for Bi2212. This
modulation leads to a superstructure along b that causes satellite peaks in the
b-direction in neutron or electron diﬀraction experiments [88, 109].
A detailed description would go beyond the limits of this work, and there-
fore the Bi2212 crystal structure is described as non-modulated, i.e. the crystal
structure presented here is the one that has been used as a starting point for
the furher reﬁnement as a modulated structure [109]. Various reﬁnements
have been made [90, 110–112], leading to diﬀerent results. Below, the crystal
structure descibed by Kan and Moss [90] is given:
The space group is B b2b (No. 66), with a=5.415(2) A˚, b=5.421(2) A˚,
c=30.88(2) A˚, V=906.5(8) A˚3, Z=4, D=6.509 g/cm3. Since a≈b, the structure
is pseudo-tetragonal. In Fig. A.12 a unit cell is depicted with some neighbour-
ing ions (i.e. x∈[-0.25; 1.25], y∈[-0.25; 1.25], z∈[0; 1]). The CuO-pyramides,
responsible for the superconductivity, are emphasized. Fig. A.13 depicts the
same unit cell as Fig. A.12, including, however, only the CuO-pyramids and
the Sr layer. The corner-shared CuO4-squares, forming the basal faces of
the CuO-pyramids, are clearly visible. Note, that depending on the varying
oxygen content, the site occupancy of some of the O2− ions is less than 1.
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Figure A.12: Unit cell and nearest neighbour ions of Bi2212, viewing direction
approx.‖a.
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Figure A.13: Unit cell and nearest neighbour ions of Bi2212. Only the layers
of the CuO-pyramids and of Sr are drawn.
116 Appendix A. Crystal Structures
A.9 Bi2Sr2CuO6
Bi2Sr2CuO6 has space group Amaa (No. 66), with a=5.362(3) A˚, b=5.374(1) A˚,
c=24.622(6) A˚, V=709.5(5) A˚3, Z=4 [113], D=7.03 g/cm3. Fig. A.14 shows the
crystal structure of a unit cell and nearest neighbour O2− ions.
Figure A.14: Unit cell and nearest neighbour ions of Bi2201.
APPENDIX B
Polymer Structures
The sum formula of a repeating unit of poly(acrylic acid) (PAA) is C3H4O2,
with a molecular weight m˜=72.07 g/mol. The sum formula of a repeating unit
of poly(methacrylic acid) (PMAA) is C4H6O2, with a molecular weight m˜=
86.10 g/mol. For the molecular structures see Fig. B.1.
Figure B.1: Molecular structures of the repeating units of PAA (a) and PMAA
(b).
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APPENDIX C
Synthesis of Poly(Methacrylic Acid)
Poly(methacrylic acid) (PMAA) was synthesized following a modiﬁed recipe
by Chien et al. [73]: 6.8ml methacrylic acid (Merck, stabilized with hydrochi-
none monometyl ether) were dissolved in 10 g DMF in a dried and nitrogen
ﬁlled round ﬂask equipped with a mechanic stirrer. While stirring, the solu-
tion was heated to 110 ◦C and 0.3ml tert-Butyl hydroperoxide (Acros, 70%
in water) as an initiator were added through a septum. The viscosity of the
solution increased slowly, and after ca. 1 hour the heating was turned oﬀ.
Since the viscosity of the clear and colorless solution was too high to pour,
another 60ml of DMF were added. Approx. 20ml of the solution was slowly
poured into a 1 l beaker ﬁlled with 500ml technical ether which was vigorously
stirred. White PMAA precipitated in the ether and was ﬁltered from the
ether/DMF mixture and washed two more times with approx. 200ml ether.
This precipitation step was repeated three more times and ﬁnally, all PMAA
was dried in a vacuum oven at 37 ◦C overnight.
A characterisation of the obtained polymer was not possible with GPC
(Gel Permeation Chromatography) or with MALDITOF-MS (Matrix Assisted
Laser Desorption Ionization Time Of Flight-Mass Spectrometry). The molec-
ular weight Mw is therefore unknown.
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APPENDIX D
Manufacture of PDMS stamps
Patterned stamps of soft, transparent poly(dimethylsiloxane) (PDMS) were
made from a commercial kit (Sylgard 184, Dow Corning GmbH, Wiesbaden,
Germany) as follows: base and curing agents were mixed in the weight ratio
10:1 in a clean beaker by stirring for 2minutes. After mixing air bubbles
were removed from the solution by placing the beaker in a dessicator and
the pressure was slowly decreased (boiling!). When all air bubbles had risen
to the surface of the liquid and disappeared (usually after some 10minutes,
depending on the amount), the presure was increased again and the highly
viscous PDMS was ready for the next step.
Stamp masters were bought (Xlith Gesellschaft fu¨r Hochauﬂo¨sende Litho-
graﬁe Support & Consulting mbH, Ulm, Germany). They consisted of Si
wafers into which patterns with a height of approx. 950 nm had been etched.
Prior to usage the masters were blown dust-free with air or nitrogen and a
metal ring was placed above the patterned area. The liquid PDMS was poured
into the ring and onto the pattern. The entire setup was placed overnight onto
a hot stage set to 40 ◦C to give the PDMS time to cross-link. After this, the
PDMS block was pressed out of the metal ring, the master was peeled oﬀ the
PDMS and the stamp was ready to use.
Prior to the stamp manufacture, the master was covered by a self-assembled
hydrocarbon-silane monolayer to facilitate the detachment of the PDMS.
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